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ABSTRACT 
 
Precast concrete sandwich wall panels are commonly constructed of two wythes of 
concrete separated by a layer of thermal insulation.  In these two-wythe panels, solid concrete 
regions are often provided for embedded hardware for lifting, handling, and connections, or to 
provide composite action.  These solid concrete regions can have a significant adverse impact on 
the thermal performance of the panels.   
 
This research was directed towards the development of precast concrete three-wythe 
sandwich wall panels with potential improved thermal and structural performance as compared 
to currently produced two-wythe sandwich wall panels.  A three-wythe panel has three concrete 
wythes and two insulation layers, and all three concrete wythes are connected by solid concrete 
regions.  However, the connections between successive concrete wythes are staggered in location 
so that the total thermal path length through the concrete is extended, and all direct through-
thickness paths through solid concrete are eliminated.   
 
Practical panel configurations of the three-wythe panels were developed to reduce 
thermal bridge effects caused by regions of solid concrete.  The thermal performance of the 
three-wythe panel was evaluated by estimating its thermal resistance using the finite element 
method.  It was found that, in general, the thermal performance of three-wythe panels is better 
than that of two-wythe panels due to the increased thermal path length through the panel.   
 
 The structural performance of the three-wythe panel was investigated both analytically 
and experimentally.  Three-wythe panels can be designed using current design codes.  Composite 
behavior of the three-wythe panel is provided by solid concrete regions.   
 
A three-wythe panel behaves similar to a composite panel in terms of service load-
deflection behavior, and it exhibits considerable flexural ductility at overload.  Early flexural 
cracking was observed in the lateral load tests as compared to the theoretical cracking strength.  
Based on the test results, it is recommended that a T-beam design approach be used to predict the 
flexural strength of three-wythe panels in design. 
 
The end region of a three-wythe panel where the prestress force is transferred to the panel 
presents some unique challenges in the design of the panel.  Transverse bending occurs at the 
end of the panel at the transfer of prestress.  Several approaches to reduce the transverse bending 
were investigated analytically and experimentally.  Increasing the number of concrete ribs in the 
cross-section of the panel reduces the transverse bending, and as does using partially debonded 
strands or shear connectors at the ends of the panel. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 INTRODUCTION 
Precast concrete sandwich wall panels are commonly constructed of two wythes of 
concrete separated by a single layer of thermal insulation.  The panels are often used as the 
exterior cladding of buildings and may also serve as bearing walls or shear walls.  In some 
applications, one of the concrete wythes may be a standard precast shape such as a hollow-core 
or ribbed section.  Often both concrete wythes are of the same thickness, and the surface of the 
exterior wythe may include architectural details such as reveal strips to provide the desired 
appearance of the panel.  In this report, panels with two concrete wythes and one insulation layer 
are referred to as two-wythe panels. 
 
In a typical sandwich wall panel, wythe connectors are used to tie the two concrete 
wythes together and to keep the panel intact during handling and service conditions.  The wythe 
connectors pass from one concrete wythe to the other concrete wythe through the insulation 
layer.  Thus the placement of the connectors interrupts the continuous insulation layer.  These 
interruptions are known as thermal bridges.  A thermal bridge is associated with how heat moves 
through substances with different thermal conductivities, and indicates that heat takes the path of 
least resistance through these materials.  Depending upon the material used to make the 
connectors in a panel, these thermal bridges can conduct energy at a much higher rate than the 
insulation, thus reducing the effectiveness of the insulation.   
 
Figure 1.1(a) shows a typical two-wythe panel.  Solid concrete regions (i.e. regions where 
the insulation layer is omitted) are provided in the two-wythe panel.  These locations of solid 
concrete are provided for a variety of reasons including the placement of inserts for lifting and 
handling, connections to the foundation and roof, connections to adjacent panels, etc.  These 
locations of solid concrete also act as thermal bridges and which can have a significant adverse 
impact on the thermal performance of the panels. 
 
The research described in this report is directed towards the development of precast 
concrete three-wythe sandwich wall panels (hereafter referred to as the three-wythe panels) with 
potential improved thermal and structural performance as compared to currently produced two-
wythe panels.  Figure 1.1(b) shows a typical three-wythe panel.  A three-wythe panel has three 
concrete wythes and two insulation layers, and all three concrete wythes are connected by solid 
concrete regions.  However, the connections between successive concrete wythes are staggered 
in location so that the total thermal path length through the concrete is extended, and all direct 
through-thickness paths through solid concrete are eliminated.  Further explanation of the three-
wythe panel is given in Section 2.3. 
 
 
1.2 RESEARCH OBJECTIVE, SCOPE, AND APPROACH 
1.2.1 Research Objective and Scope  
The objective of this research is to develop precast concrete three-wythe sandwich wall 
panels.  Possible panel configurations of the three-wythe panels are proposed, and their thermal 
performance and structural performance are studied. 
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The thermal performance of the three-wythe panel is evaluated by estimating its thermal 
resistance (R-value).  The finite element method (FEM) is used to estimate the R-values of three-
wythe panels for various panel configurations. 
 
The structural performance of the three-wythe panel is investigated both analytically and 
experimentally.  Cladding panels subjected to wind load only are considered and load bearing 
panels are not treated.  The anticipated structural behavior of the panel is evaluated using 
currently available design codes, and then actual panel behavior is experimentally investigated 
with lateral load tests of selected prototype panels.  
 
1.2.2 Research Approach 
In order to achieve the objective of this research, the following approach is taken: 
 
Task 1: Develop practical panel configurations of the three-wythe panels to reduce thermal 
bridge effects caused by regions of solid concrete.  
Task 2: Develop a calculation procedure to evaluate the thermal performance (R-value) of 
three-wythe panels.  Then, analyze and compare the thermal performance of two- and 
three-wythe panels using the procedure developed.  Finally, make a conclusion about 
the relative thermal performance of three-wythe panels.  
Task 3: Review current design practice for two-wythe panels, and, using current codes, 
establish a procedure for the design of three-wythe panels.  Then, design two- and 
three-wythe panels using the procedure developed, and analyze and compare the 
calculated structural performance of two- and three-wythe panels. 
Task 4:  Perform experimental tests to investigate lateral load behavior of three-wythe panels.  
Analyze test data and compare the experimental results with the analytical results. 
Task 5:  Formulate conclusions and recommend a procedure for the design of three-wythe 
panels.  
 
1.3 SUMMARY OF FINDINGS 
It was found that, in general, the thermal performance of three-wythe panels is better than 
that of two-wythe panels due to the increased length of the thermal path through the solid 
concrete in three-wythe panel as compared to the two-wythe panel.  When the insulation overlap 
length (defined in Figure 1.1(b)) is increased, the thermal performance of the panel is increased.  
The insulation overlap effect is more significant at smaller overlap lengths, and then gradually 
decreased.  Concrete wythe thickness does not have a significant effect on the thermal 
performance of the panel, but insulation thickness does have a significant effect on the thermal 
performance because the conductivity of insulation is much lower than that of concrete.  Three-
wythe panels derive a greater benefit in thermal performance (i.e. have a higher R-value) from 
the use of a high resistance insulation material as compared with two-wythe panels.  The thermal 
performance of the three-wythe panels could be properly estimated using finite element method. 
 
A design procedure for three-wythe panels was developed using current design codes.  
Based on the design procedure, the spanning capability of the three-wythe panels was 
investigated.  For the three-wythe panels treated in this report, spanning capability was 
controlled by tension stress limits in flexural design.   
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From lateral load tests, the three-wythe panels treated in this report behaved close to a 
composite panel in terms of service load-deflection behavior, and solid concrete regions were 
considered to contribute most of panel composite behavior.  Increasing the number of concrete 
ribs in the panel cross-section, composite behavior of the panel increased, and panel was stiffer 
in terms of initial flexural stiffness, and stronger in terms of strength.   
 
Three-wythe panels exhibit transverse tension stresses at prestress transfer.  Similar 
tension stresses do not exist in two-wythe panels.  Increasing number of concrete ribs in panel 
section, using partially debonded strands, or using solid concrete blocks at the end of the panel 
helped to reduce the transverse bending stresses, and these were verified with the experiment. 
 
1.4 ORGANIZATION OF THE REPORT 
The remainder of this report is divided into ten chapters.  General background 
information and a further description of the three-wythe panel are given in Chapter 2.  Also, 
included in Chapter 2 are descriptions of several possible configurations of the three-wythe 
panels, and a discussion of the several potential advantages of using three-wythe panels.  
 
The thermal performance of three-wythe panels is investigated in Chapters 3 and 4.  
Chapter 3 describes several existing methods that are used to estimate R-values of sandwich wall 
panels.  Chapter 3 also presents a finite element method approach, developed in this research, to 
estimate to R-values.  Based on the R-value calculation procedure presented in Chapter 3, 
parametric studies of the thermal performance of the two- and three-wythe panels are performed, 
and results and comparison are presented in Chapter 4. 
 
The structural performance of the three-wythe panel is investigated in Chapters 5 through 
10.  Chapter 5 describes design studies of the three-wythe panel.  Design considerations and 
procedures are discussed, and several two- and three-wythe panels are designed and their 
structural performance is compared.  Chapter 6 describes FEM analyses of the three-wythe 
panel, and panel behavior at both transfer of prestress and service loads are included in the 
chapter.  An experimental program consisting of lateral load tests of three-wythe panel is 
described in Chapter 7, and test results are presented in Chapter 8.  Chapter 9 discusses the 
lateral load test results, and compares analytical and experimental results.  In addition to the 
lateral load tests, additional tests were performed to evaluate the behavior of the three-wythe 
panel upon the transfer of prestress.  A description of the prestress transfer tests and results are 
described in Chapter 10. 
 
Finally, Chapter 11 describes the conclusions of this research, and discusses possible 
future research on three-wythe panels.  
 
1.5 NOTATION 
Notation used in thermal studies (Chapters 3 and 4) is as follows: 
A : Metered area in Guarded Hot Box Method (in.2) 
C  : Thermal conductance (Btu/h·ft2·°F) 
hc : Convection film coefficient for cold side of the panel (Btu/h·ft2·°F) 
hh : Convection film coefficient for warm side of the panel (Btu/h·ft2·°F) 
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kcon   : Concrete conductivity (Btu·in/h·ft2·°F) 
kin   : Insulation conductivity (Btu·in/h·ft2·°F) 
Q  : Heat flow (Btu/hr),   
R  : R-value (h·ft2·°F/Btu) 
Ri  : Inside air thermal resistance (h·ft2·°F/Btu) 
Ro : Outside air thermal resistance (h·ft2·°F/Btu) 
RT  : Overall R-value (h·ft2·°F/Btu) 
t1  : Area weighted surface temperature of cold side (°F) 
t2  : Area weighted surface temperature of warm side (°F) 
tc  : Ambient air temperature for cold side of the panel (°F) 
th  : Ambient air temperature for warm side of the panel (°F) 
∆Τ : Temperature gradient (°F) 
 
Notation used in structural studies (Chapters 5 through 10) is as follows: 
Ac  : Concrete area (in.2) 
As  : Steel area (in.2) 
Avf  : Total area of shear friction reinforcement (in.2) 
C  : Compressive force (lbs.) 
c  : Distance from the centroidal axis to either the extreme tension or compression fibers (in.) 
D  : Dead load (kips) 
Ec  : Concrete modulus of elasticity (psi) 
Eps  : Prestressing steel modulus of elasticity (ksi) 
Fy  : Yield strength of mild steel (ksi) 
fc’ : Concrete compressive strength at 28 days (psi) 
fce  : Effective prestress of the panel (psi) 
fci’  : Concrete compressive strength at transfer of prestress (psi) 
fpe  : Effective prestress of a panel (psi) 
fps  : Stress of the prestressing strand (ksi) 
fpu  : Ultimate strength of prestressing steel (ksi) 
fpy  : Yield stress of prestressing steel (ksi) 
fr’ : The tensile strength of concrete (psi) 
fy  : Yield strength of reinforcement (ksi) 
GCp  : External pressure coefficient 
GCpi  : Internal pressure coefficient 
h : Mean roof height (in.) 
I : Moment of inertia of the panel cross-section (in.4) 
Ic  : Moment of inertia of the composite panel (in.4) 
Inc  : Moment of inertia of the non-composite panel (in.4) 
L  : Panel span (in.) 
lt  : Transfer length of prestress force (in.) 
M : Moment (k⋅in.) 
Mcr  : Cracking strength of the panel (k⋅in.) 
Mf  : Controlling moment based on allowable stresses  
Mn : Nominal flexural strength (k⋅in.) 
Mu  : Factored load (k⋅in.) 
Pe  : Effective prestress force (lbs.) 
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p  : Design wind pressure (psf) 
Q  : First moment of inertia of the composite section (in.3) 
qh  : Velocity pressure (psf) 
T  : Tensile force (lbs.) 
Vnh  : Nominal horizontal shear strength (lbs.) 
Vu  : Factored shear force (lbs.) 
W  : Wind load (psf) 
wc  : Concrete weight (pcf) 
x1 : Thermal bridge width in Configuration I (in.) 
x2 : Insulation overlap length in Configuration II (in.) 
x3 : Thermal bridge length in Configuration III (in.) 
λ  : Correction factor related to unit weight of concrete 
σ  : Flexural stresses (psi) 
µ  : Friction coefficient 
φ  : Strength reduction factor, 0.9 for flexure, and 0.85 for shear 
∆M  : Change in moment across the shear span (k⋅in.) 
∆Pe  : Transferred prestress force along with a critical section (lbs.) 
σpt  : Stress converted from the strain caused by the prestress force (psi) 
ρv  : Ratio of shear reinforcement area to area of contact surface 
v  : Concrete Poisson’s ratio 
vi  : Insulation Poisson’s ratio 
ε1  : Strain before transfer of prestress (in./in.) 
ε2  : Strain after transfer of prestress (in./in.) 
εps  : Strain of the prestressing strand (in./in.) 
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Figure 1.1 Typical two- and three-wythe sandwich wall panels. 
(b) Three-wythe panel
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CHAPTER 2 
BACKGROUND AND CONCEPT OF THREE-WYTHE PANELS 
 
2.1 INTRODUCTION 
This chapter provides background information relevant to this study and presents a 
detailed description of the three-wythe panel.  The three-wythe panel is a new structural element 
developed in this research, so no previous research specially on three-wythe panels is available 
in the literature.  However, there are features in the design and use of three-wythe panels that are 
similar to current practice of the two-wythe panel.  Therefore, current practice and previous 
research on two-wythe panels are reviewed in this study. 
 
General information about two-wythe panels is described in Section 2.2.  Typical panel 
configurations are presented, and a brief review of thermal performance and structural design 
practice are explained.  Section 2.3 describes details of the three-wythe panels.  This section 
describes the basic concept, possible panel configurations, and potential advantages of using the 
three-wythe panel as compared to the two-wythe panel.  
 
2.2 BACKGROUND   
Much of the current practice concerning the uses, design, detailing, manufacturing, and 
thermal performance of two-wythe panels is summarized in a two-part report titled State-of-the-
Art of Precast/Prestressed Sandwich Wall Panels prepared by the PCI Committee on Precast 
Sandwich Wall Panels (hereafter referred to as the PCI Committee Reports, 1997a, 1197b). 
 
Figure 2.1 shows three typical two-wythe panels comprised of two wythes of concrete 
and one layer of insulation.  The panels are often described by a three digit sequence of numbers, 
where each digit in the sequence denotes the thickness of one of the layers in the panel.  For 
example, a 3-2-3 panel is comprised of two 3 in. thick concrete wythes separated by a 2 in. thick 
insulation layer.   
 
The terms back and face wythes are often used to indicate each concrete wythe in two-
wythe panels.  When the panel is produced in a flat horizontal position, the face wythe is the 
bottom concrete wythe cast against the formwork.  The back wythe is the top wythe cast against 
the insulation layer.  The top surface of the back wythe is the finished surface.  The back wythe 
is the wythe in which embedded hardware often placed, and it faces to the inside of the building.  
The face wythe typically faces the outside of the building.   
 
In Figure 2.1(a) and (b), the panels include a solid concrete region at each end of the 
panel, and eight solid concrete regions in the span.  The solid end regions may be used to place 
hardware to connect to the foundation and roof, and the solid regions in the span may be used to 
place lifting hardware.  All solid regions would contribute to composite action between the two 
concrete wythes, and would likely be used for that purpose in design.  Typically, each concrete 
wythe is prestressed using strands.  In Figure 2.1(c), the panel is prismatic with a solid concrete 
rib running along each edge.  
 
The following two subsections describe background information about the thermal 
performance and the structural performance of the two-wythe panel.  
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2.2.1 Thermal Performance of Two-wythe Panel 
The locations where the insulation layer is interrupted by solid concrete regions are 
known as thermal bridges in Figure 2.1.  Calculation of the energy efficiency of a sandwich 
panel includes analyzing the panel for the effects of thermal bridges, and accounting for the 
improved performance based on the use of concrete as a thermal storage material. 
 
The parallel flow method, isothermal plane method, and zone method are three methods 
of analysis that are used to estimate the R-value of panels.  These calculation methods are 
described in the American Society of Heating, Refrigerating and Air-Conditioning Engineers 
Handbook – Fundamentals (hereafter referred to as the ASHRAE Handbook, 1993).  These 
methods are reviewed in Section 3.2. 
 
McCall (1985) investigated the thermal bridge effects of the sandwich wall panels using 
R-value calculations described in the ASHRAE Handbook.  According to this study, in some 
cases, the R-value of a panel may be decreased by as much as 40 % by the large quantities of 
heat conducted through the shear connectors and the concrete regions that penetrate the 
insulation.  
 
Gabor (1971) studied the thermal bridge effects in sandwich wall panels and performed a 
thermal steady-state analysis using the finite difference method.  The thermal bridge effect was 
investigated and temperature distribution where the insulation layer was discontinued was 
analyzed. 
 
Kosny et al. (1999) experimentally evaluated the thermal performance of precast concrete 
sandwich wall panels.  Kosny et al. tested panel configurations similar to those presented in 
Figure 2.1(a) using the Guarded Hot Box Method.  This method, discussed in Section 3.3.2, is a 
general test method used to estimate the thermal performance of sandwich wall panels.  Konsy et 
al. reported that a 45 % reduction of R-value was observed when solid concrete regions were 
added.  They also reported that experimental results agreed relatively well with analytical results 
which were obtained using the FEM method. 
 
2.2.2 Structural Performance of Two-wythe Panel 
In general, sandwich wall panels behave similarly to other precast prestressed concrete 
members.  However, due to the presence of the intervening layer of insulation, sandwich wall 
panels do exhibit some unique characteristics and behavior.   
 
Sandwich wall panels are classified as non-composite, semi-composite, or composite 
panels.  When a two-wythe panel behaves as a non-composite panel, both concrete wythes act 
independently to resist bending.  Plane section behavior may be obtained separately in each 
wythe, but not through the entire panel depth.  In the case of a composite panel, both concrete 
wythes act together to resist bending.  Plane section behavior is obtained through the entire depth 
of the panel.  On the other hand, in case of the semi-composite panel, the panel behaves between 
the composite and the non-composite panels.   
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Mlynarczyk and Pessiki (2000) experimentally studied the flexural behavior of two-
wythe precast concrete sandwich wall panels.  The objective of their research was to evaluate the 
contribution to composite action provided by regions of solid concrete, wythe connectors, and 
bond.  They found that the solid concrete regions provided most of the strength and stiffness that 
contributed to composite behavior, and that steel M-tie connectors and bond between the 
insulation and concrete contributed relatively little to composite behavior.  As an aside, the panel 
shown in Figure 2.1(a) was tested under lateral load and found to act as a composite panel.    
 
 In the past, other research projects have been conducted on precast sandwich wall panels.  
Pfeifer and Hanson (1964) tested several non-prestressed sandwich panels in flexure, and found 
that different degrees of composite action could be achieved by varying types of wythe 
connectors and their spacing.   
 
Bush and Stine (1992) tested precast concrete sandwich panels with continuous truss 
connectors.  Results of the tests showed that a high degree of composite stiffness and flexural 
capacity could be achieved with truss connectors oriented longitudinally in the panels.   
 
Amin et al. (1994) developed a new structurally and thermally efficient precast panel 
system using fiber-reinforced plastic bars.  An experimental and analytical investigation was 
conducted for push-off loading, small scale specimens by flexural loading, and full scale panels 
by flexural loading.  Further study was continued by Salmon et al. (1997), and semi-composite 
panels behavior was observed from four full scale precast concrete sandwich panel tests. 
 
2.3 PROPOSED THREE-WYTHE PANELS 
Figure 2.2 shows three possible general configurations of the three-wythe panel.  In 
contrast to the two-wythe panels shown in Figure 2.1, the three-wythe panels do not include any 
regions of solid concrete that extend directly through the full thickness of the panel.  Thus the 
thermal path length through which heat is conducted through the concrete is increased in the 
three-wythe panel as compared to the two-wythe panel. 
 
The terminology used to describe the three-wythe panel is similar to the two-wythe panel.  
The three-wythe panels are described by a five digit sequence of numbers (2-1-3-1-2), where 
each digit in the sequence denotes the thickness of one of the layers in the panel.  For example, a 
2-1-3-1-2 panel is comprised of two 2 in. thick concrete wythes, one 3 in. thick concrete wythe, 
and two 1 in. thick insulation layers between concrete wythes as shown in Figure 2.2. 
 
Back, center, and face wythes are similarly used to indicate each concrete wythe in a 
three-wythe panel.  In Figure 2.2(a), the top concrete wythe has two thickened concrete regions 
at the panel edges, and embedded hardware can be placed in theses regions.  This wythe is 
defined as the back wythe.   The face wythe is the bottom concrete wythe, and the center wythe 
is the one between the back and face wythes. 
 
Several potential advantages of the three-wythe panel include the following: 
 
1. The staggered placement of the concrete connections between wythes may improve the 
thermal performance over that of the current two-wythe panel.  This may lead to a reduction 
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in the life-cycle costs of buildings made with the three-wythe panel.  Results of an 
investigation of the steady-state thermal performance of the three-wythe panel are presented 
in this report. 
2. The composite action between wythes may be provided by concrete.  Thus the composite 
action may be designed using currently available design tools (e.g. shear friction, horizontal 
shear strength for composite members) without having to rely on product-specific 
information for a particular connector. 
3. Increased overall panel thickness may lead to increased spanning capabilities, thus increasing 
the range of applicability of precast concrete sandwich wall panels. 
4. The three-wythe panel contains several locations of thickened concrete where the wythes are 
connected.  In the design of the panel, these locations may be used for the placement of the 
embedded hardware which are required to handle and erect the panels. 
5. In some instances, it may be possible to place all of the prestressing steel in the center wythe, 
which should afford better corrosion protection (in present practice, cover requirements are 
often violated at architectural reveal strips).  Further, this may also reduce at least one 
production requirement (stressing is only done once), which may partially offset the 
increased production requirements of the three-wythe panel as compared to the two-wythe 
panel. 
 
The three-wythe sandwich wall panel includes several potential disadvantages as 
compared to the two-wythe panel, the most obvious of which may be increased production time 
and production costs.  Thus the three-wythe panel may not be appropriate in all applications. 
 
Figure 2.2 shows three possible general configurations of the three-wythe panel.  In 
Figure 2.2(a), the solid concrete regions between wythes are offset in the width direction of the 
panel.  For this configuration, the panel cross section is uniform along the panel span.  In Figure 
2.2(b), the solid concrete regions between wythes are offset in the span direction of the panel so 
that the panel cross section is uniform across the width of the panel.  Finally, for the panel 
configuration shown in Figure 2.2(c), the locations of solid concrete regions between wythes are 
offset in both the width and span directions.  
 
The panel configurations shown in Figure 2.2(a) and (b) offer the added potential 
advantage that insulation placement may be configured so that little if any cutting of the 
insulation is required after placement. 
 
In the remainder of this report, the three general configurations of the three-wythe panels 
shown in Figure 2.2 are referred to as Configuration I (Figure 2.2(a)), Configuration II (Figure 
2.2(b)), and Configuration III (Figure 2.2(c)).  
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CHAPTER 3 
THERMAL PERFORMANCE EVALUATION METHODS 
FOR SANDWICH WALL PANELS 
 
3.1 INTRODUCTION  
This chapter presents thermal performance evaluation methods for sandwich wall panels.  
The thermal performance of a panel is quantified by its R-value, and different methods to 
estimate R-values are presented.  ASHRAE Handbook calculation methods and experimental 
methods for estimating R-values are discussed first.  Next, an analytical method to estimate R-
values using FEM is explained in detail.  The results of three experiments to determine R-values 
are then compared with FEM calculations of R-values to demonstrate the validity of the FEM 
approach.  
 
Using the FEM approach to determine R-values, parametric studies of the thermal 
performance of two- and three-wythe panels are performed, and results and comparison are 
included in Chapter 4. 
 
Section 3.2 describes the ASHRAE Handbook calculation methods, and Section 3.3 
describes the experimental methods to determine the R-values of panels.  Section 3.4 explains 
why the FEM approach is used to estimate the R-values of three-wythe panels instead of the 
ASHRAE Handbook calculation methods.  The FEM approach to determine R-values is 
described in detail in Section 3.5.  Finally, Section 3.6 presents three examples of FEM model 
verification.  
 
3.1.1 Terminology and Units 
The following is a brief list of definitions of selected terms used in this chapter.  The 
definitions are from the ASHRAE Handbook. 
 
British thermal unit (Btu) – Approximately the amount of heat required to raise one pound of 
water from 59 ºF to 60 ºF. 
Conduction – Heat transfer mechanism which occurs in a body by an exchange of the kinetic 
energy of motion of the molecules when a temperature gradient exists.  Internal energy exchange 
occurs from one body to another, and from a high-temperature region to a low-temperature 
region. 
Convection – Heat transfer mechanism which occurs in a fluid by the mixing of one portion of 
the fluid with another portion due to gross movements of the mass of fluid.  The fluid motion 
may be caused by external mechanical means (e.g., by a fan, pump, etc.), in which case the 
process is called forced convection.  If the fluid motion is caused by density differences, which 
are created by the temperature differences existing in the fluid mass, the process is termed 
natural convection.  
Heat transfer – The flow of heat energy induced by a temperature difference.  Heat may be 
transferred by the mechanisms of conduction, mass transfer, convection, and radiation.  These 
transfer mechanisms can occur separately or in combinations, depending on specific 
circumstances. 
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Surface convection coefficient, h (Btu/h·ft2·°F) – Heat transferred between a surface and a fluid 
in unit time through unit area induced by unit temperature difference between the surface and the 
fluid in contact with it. 
Mass transfer – Mass transfer is associated with convection in that mass is transported from one 
place to another in the flow system.  This type of mass transfer occurs on a macroscopic level 
and is usually treated in the subject of fluid mechanics. 
Radiation – Heat transfer in regions where a perfect vacuum exists as a result of a temperature 
difference.  This is the term used to describe the electromagnetic radiation which is emitted at the 
surface of a body which has been thermally excited. This electromagnetic radiation is emitted in 
all directions, and when it strikes another body, part may be reflected, part may be transmitted, 
and part may be absorbed. 
Thermal bridging – The phenomenon associated with how heat moves through substances with 
different thermal conductivities.  It indicates that heat takes the path of least resistance through 
these materials.  In the context of this research, when a layer of panel consists of two or more 
materials with different thermal conductivities, the heat flow tends to become attracted to the 
materials with higher conductivities and move laterally toward those materials. 
Thermal conductivity, k (Btu·in/h·ft2·°F, or Btu/h·ft·°F) – The time rate of heat flow through a 
unit area of homogeneous material in a direction perpendicular to isothermal planes induced by a 
unit temperature gradient.  Thermal conductivity must be evaluated for a specific mean 
temperature, because in most materials it varies with temperature. 
Thermal resistance, R-value (h·ft2·°F/Btu) – Under steady conditions, the mean temperature 
difference between two defined surfaces of material or construction that induces unit heat flow 
through a unit area. 
Thermal transmittance, U-factor. (Btu/h·ft2·°F) – The time rate of heat flow per unit area 
under steady conditions from the fluid on the warm side of a barrier to the fluid on the cold side, 
per unit temperature difference between the two fluids.  It is evaluated by first evaluating the R-
value and then computing its reciprocal, U.  The U-factor is sometimes called the overall 
coefficient of heat transfer. In building practice, the heat transfer fluid is air.  The temperature of 
the fluid is obtained by averaging its temperature over a finite region of the fluid near the surface 
involved. 
 
3.2 ASHRAE HANDBOOK METHODS TO DETERMINE R-VALUES 
The R-value of a material or assembly of materials is a quantity that is often used to 
describe the thermal performance of building construction.  The ASHRAE Handbook describes 
three methods to compute R-values through a material or assembly of materials using electric-
circuit analogies.  These methods are the parallel flow, isothermal plane, and zone methods.  In 
these methods, the thermal resistances of the materials are treated as electrical resistances which 
are arranged in parallel, series, or a combination of the two to estimate the thermal resistance of 
the assembly.  
 
3.2.1 Parallel Flow Method 
The parallel flow method computes the R-value of a layer or assembly that consists of 
two or more materials with different thermal conductivities.  In this method, it is assumed that 
heat flows in parallel paths, and no lateral heat flow occurs between paths.  The R-value 
calculation of an assembly of materials using the parallel flow method is illustrated in Figure 3.1.  
The assemblage is comprised of six different materials with resistances R1 through R6, and heat 
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flows in the negative z-direction.  The R-value is computed considering each independent heat 
flow path a, b, and c in parallel.  As shown in the figure, the resistance of each path is the sum of 
the individual resistances in series along the path.  The parallel flow method can be written in 
equation form as: 
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where Ra, Rb … Rn are the net resistances of each parallel path, and xa, xb … xn are the respective 
fractions of the total length L of the assemblage (L = xa + xb + … + xn). 
 
3.2.2 Isothermal Plane Method 
The isothermal plane method also computes the R-value of a layer or assembly.  In this 
method, it is assumed that lateral heat flows in each layer so that isothermal planes result.  For a 
layer which includes two or more materials with different conductivities, the parallel flow 
method is used to obtain the resistance of that layer.  The resistances of succeeding layers are 
added in series to obtain the resistance of the entire assembly.  The R-value calculation of an 
assembly of materials using the isothermal plane method is illustrated in Figure 3.2.  This is the 
same assembly of materials used to illustrate the parallel flow method in Figure 3.1.  The R-
value is calculated in parallel within a given layer, and then all layers are added in series as 
shown in Figure 3.2.  The isothermal plane method can be written in equation form as: 
 
LmLLL R...RRRR ++++= 321      (3.2) 
 
where RL1, RL2 … RLm are individual resistances of each layer and each layer resistance is 
calculated by the parallel flow method described in Equation 3.1. 
 
3.2.3 Zone Method 
When an assembly contains widely spaced, high thermal conductive elements of 
substantial cross-sectional area (e.g. precast concrete sandwich panels with regions of solid 
concrete that penetrates the insulation layer), calculation of the thermal resistance by the 
isothermal plane method can result in resistance values that are too low.  For these assemblies, 
the zone method can be used.  The zone method involves two separate computations; one for a 
chosen limited portion, containing the highly conductive element, and the other for the remaining 
portion of simpler construction.  The isothermal plane method is applied by adding area 
resistances R/A of elements in series for each separate zone.  The two computations are then 
combined using the parallel flow method.  The key to successful application of the zone method 
is the correct determination of the size of each zone.  Chapter 22 of the ASHRAE Handbook 
explains empirical width calculations for each separate zone.  However, the suggested width 
calculations presented in ASHRAE Handbook are only limited to a special application which is 
containing metal connectors.  Recent work at Lehigh University (Lee, 2003) provides a method 
to calculate concrete zone dimensions in two-wythe panels.   
 
3.2.4 Discussion 
According to the ASHRAE Handbook, if the construction under consideration has very 
high conductivity materials so that lateral heat flow can be expected, an R-value closer to that 
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obtained from the isothermal calculation should generally be used.  If, however, there is no layer 
of high lateral conductivity, an R-value value closer to that obtained from the parallel flow 
calculation should be used.  
 
In building applications, to obtain the overall resistance, RT, the air film resistances Ri 
(inside air resistance) and Ro (outside air resistance) are added to the R-value for a panel, R, as 
shown in Equation 3.3.  Values of air film resistances are presented in the ASHRAE Handbook, 
and the overall resistance RT is sometimes presented as the R-value.  
 
RT  = Ri + R + Ro       (3.3) 
 
In this research, the results are presented in terms of panel resistance (R) values.  The (R) 
values are often referred to surface-to-surface values, and (RT) values are referred to air-to air 
values.  
 
3.3 EXPERIMENTAL METHODS TO DETERMINE R-VALUES  
The steady-state thermal resistance of building components such as walls, floors, and 
roofs can be estimated by using experiments.  Several ASTM Standard Test Methods are 
available for this purpose.  The Guarded Hot Plate Method (ASTM C177) and the Heat Flow 
Meter Apparatus Method (ASTM C518) are used for small-scale specimens and materials, and 
the Guarded Hot Box Method (ASTM C236) and Calibrated Hot Box Method (ASTM C976) are 
used for large scale building envelopes and assemblies.  Each test method is briefly described 
below, and the Guarded Hot Box Method is reviewed in detail because this test method was 
modeled in the FEM analyses. 
 
3.3.1 Overview of Methods 
The Guarded Hot Plate Method covers the measurement of steady-state heat flux through 
flat-slab specimens using a guarded-hot-plate apparatus.  This method is primarily applicable to 
homogeneous samples.  Two specimens are placed between hot and cold isothermal surfaces and 
heat flux lines are assumed to be perpendicular to the isothermal surfaces.  Thermal conductivity 
can be estimated by using Fourier's law of heat conduction and measuring total heat input in 
metering area. 
 
Fourier’s law of heat conduction (energy transfer by conduction) states that heat transfer 
rate is proportional to conductivity, area, and normal temperature gradient.  In equation form, it 
is written as: 
 
TkAQ ∆−=         (3.4) 
 
where Q is the heat flow, k is the conductivity, A is the area, and ∆Τ is the temperature gradient. 
 
The Heat Flow Meter Apparatus Method covers the measurement of steady-state heat 
flux through flat-slab specimens using a heat flow meter apparatus.  This method is applicable to 
the measurement of thermal transmission through a wide range of specimen properties and 
environmental conditions and, like the Guarded Hot Plate Method, is also primarily applicable to 
homogeneous samples.  One or two specimens are placed between hot and cold plates and steady 
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state unidirectional heat flux through a test specimen between two parallel plates are measured to 
calculate the thermal conductivity, thermal resistance or resistivity using appropriate calibration 
standards (ASTM C1132). 
 
The Guarded Hot Box Method is used to measure steady-state heat transfer properties of 
specimens.  This method is applicable to homogeneous and non-homogeneous materials, and is 
also suitable for large scale building envelopes and construction assemblies.  This is a general 
test method which can be used to estimate the thermal performance of assemblies such as 
sandwich wall panels.  The details of this test method are discussed fully in Section 3.3.2.  
 
The Calibrated Hot Box Method is used for the measurement of heat transfer through a 
specimen under controlled air temperature, air velocity, and radiation conditions established in a 
metering chamber on one side and in a climatic chamber on the other side.  This method is 
applicable to homogeneous and non-homogeneous materials, also suitable for large scale 
building envelopes and construction assemblies.  This method can be used for testing assemblies 
under dynamic conditions (nonsteady-state) and to evaluate the effects of water migration and air 
filtration.  Calibration is needed using specimens of known thermal properties.  The thermal 
transfer property calculation procedures are the same as in the Guarded Hot Box Method. 
 
3.3.2 Guarded Hot Box Method  
The Guarded Hot Box Method is explained more fully in this section.  This is the test 
method that was modeled in the FEM analyses.  
 
3.3.2.1 Summary of Test Method 
In the Guarded Hot Box Method, testing is performed using an apparatus that establishes 
and maintains a desired steady temperature difference across a test panel for a period of time so 
that constant heat flux and steady temperature are ensured. 
 
Figure 3.3 shows a schematic arrangement of the major components of the guarded hot 
box apparatus.  It consists of a metering box, a guard box, and a cold box.  The test panel is 
placed between the metering box and the cold box, and exposed to warm air at the metering and 
guard boxes, and cold air at the cold box. 
 
First, the air temperature for each side of the panel is specified.  Next, the heater in the 
metering and guard boxes and the cooler in cold box are operated until uniform average air 
temperatures on both sides of the test panel, and constant heat flux are achieved.  When such 
steady-state conditions are reached, the air temperature, surface temperature, and heat flux are 
measured to calculate R-value.  R-value calculation details are presented in Section 3.3.2.2. 
 
The metering box has heater units to supply heat to the metering box air, and has an even 
and gentle natural movement of air over the metering area of the panel.  Thus, natural convection 
can be achieved over the metering area of the panel.  The guard box also has heater units with 
fans to supply heat to the guard box air and to circulate the air to avoid stratification.  The cold 
box is cooled in any manner that is capable of close control of the desired air temperature during 
a test.  In the cold box, direct airflow is applied either parallel or perpendicular to the specimen 
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so that forced convection can be achieved.  Velocities commonly used to simulate cross wind 
conditions are 7.5 mph for summer conditions and 15 mph for winter conditions. 
 
 
3.3.2.2 R-value Calculation 
When air temperatures across the metering box wall are maintained the same, the heat 
interchange between the metering box and the guard box is zero.  At this time, the heat flow is 
measured.  This is a measure of heat in the metering box through a known area of the panel.  In 
addition, area weighted surface temperatures and air temperatures of the warm and cold sides of 
the test panel are measured under steady-state conditions.      
 
The thermal resistance, R, can be written in equation form as: 
 
C
R 1=          (3.5) 
 
Thermal conductance, C, is the heat flow through the panel, Q (Btu/hr), under steady-
state conditions, per unit area (A), per unit difference between area weighted mean temperatures 
of the two surfaces, t1 - t2 (°F).  In equation form, it is written as:  
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Thus, the thermal resistance, R, is: 
 
Q
ttAR )( 21 −=         (3.7) 
 
As an aside, the overall thermal resistance, RT, is computed adding air film resistances, Ri 
and Ro, to the thermal resistance.  Similar to the Equation 3.7, Ri and Ro can be written as:  
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where tc and th are ambient air temperatures of cold and warm sides, respectively, in °F.  Finally, 
using the Equation 3.3, the overall thermal resistance, RT, is: 
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3.4 ASHRAE HANDBOOK METHODS VERSUS FINITE ELEMENT ANALYSES 
In current practice in the precast concrete industry, R-values of the panels are estimated 
using the ASHRAE Handbook calculation methods (parallel flow method, isothermal plane 
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method, or zone method) presented in Section 3.2.  However, these ASHRAE Handbook 
calculation methods do not correctly include the lateral heat flow that occurs in sandwich wall 
panels.  In this section, the weaknesses of the ASHRAE Handbook calculation methods are 
demonstrated, and the need for using the finite element approach in the current work is 
explained.  
 
Figures 3.4 to 3.7 show R-value calculations for different panel configurations including 
both two- and three-wythe panels.  Shown in each figure is a cross-section of a prismatic panel.  
Gray and black regions represent concrete and insulation, respectively.  Also, shown in each 
figure are the R-values computed using the parallel flow method, isothermal plane method, and 
FEM analysis.   
 
In all cases, constant material conductivity values of kcon=12.05 Btu⋅in/hr⋅ft2⋅°F for 
concrete and kin=0.26 Btu⋅in/hr⋅ft2⋅°F for insulation were used.  For the FEM analyses, two 
dimensional steady-state heat transfer analyses were executed.  Details of the FEM analyses are 
explained in Section 3.5.  The purpose here is to compare the results obtained from the ASHRAE 
Handbook calculation methods and the FEM analyses. 
 
  Figure 3.4 shows R-value calculation of a 3-2-3 panel.  In the figure, Rc and Ri denote 
thermal resistances of the concrete and insulation layers, respectively.  When an electric-circuit 
analogy is used with corresponding thermal resistances of each layer, the same R-value is 
obtained from the parallel flow and isothermal plane methods.  The FEM analysis also predicts 
the same R-value as shown in Figure 3.4.   
 
Figure 3.5 shows the results obtained when a thermal bridge is inserted into the panel.  In 
the figure, Rci is used to denote the thermal resistance of the concrete in the insulation layer.  As 
shown in the figure, different R-values are obtained from the parallel flow and isothermal plane 
methods.  The FEM analysis also predicts a different R-value from the two ASHRAE Handbook 
calculation methods.  Figure 3.5 shows that, relatively speaking, the isothermal plane method 
estimated very low R-value and the parallel flow method and FEM analyses gave relatively 
similar results. 
 
Figures 3.6 and 3.7 show two different examples of three-wythe panels.  The panels 
shown in Figures 3.6 and 3.7 are both 2-1-3-1-2 panels that contain the same amounts of 
concrete and insulation in each wythe, though the placement of the concrete and insulation is 
different in the fourth wythe between the two cases.  Intuitively, we can expect that these two 
different panel configurations would lead to different R-value results.  In particular, it may be 
expected that the configuration shown in Figure 3.7 would lead to a lower R-value because there 
is a more direct path for heat flow through the thickness of the panel along the concrete thermal 
bridge between wythes.  However, when the electric-circuit analogy is used, the parallel flow 
method gives an R-value of 6.84 for both panels, and the isothermal plane method gives an R-
value of 1.84 for both panels.  Thus, the parallel flow and isothermal plane methods are not 
capable of accounting for the difference in thermal performance between the two panels.  On the 
other hand, for the FEM results, the panel shown in Figure 3.6 has a higher R-value as compared 
to the panel Figure 3.7, as expected.   
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From the discussion above, it concluded that the ASHRAE Handbook R-value 
calculation methods cannot be applied to estimate R-value of the three-wythe panels.  This is 
because the ASHRAE Handbook methods do not properly include the effect of lateral heat flow 
which occurs in the three-wythe panels.   
 
3.5 FEM APPROACH TO DETERMINE R-VALUES  
This section describes the FEM approach to determine R-values.  The FEM analysis was 
used to estimate R-values of the three-wythe panels, and detail description and example FEM 
models are presented in this section. 
 
 In traditional structural FEM analyses, a FEM model includes the specification of 
geometry, boundary conditions, material properties such as modulus of elasticity, Poission’s 
ratio, etc. and loads.  Output from the analyses are displacements, strains, and stresses.  
Similarly, in heat transfer FEM analyses, the FEM model includes the specification of geometry, 
boundary conditions, material properties, and loads, but details are different than the traditional 
structural FEM analysis and they are described in this section.  Also, the output from the 
analyses are temperatures and heat flux at each node. 
 
Basically, a panel under study is modeled using finite elements for conditions present in 
the Guarded Hot Box test.  The results of the analysis (temperature and heat flux) are used to 
compute an R-value.   
 
All FEM heat transfer analyses were executed using the SAP 90 Heat Transfer Analysis 
Program (1990).  Basically, this program solves a problem of linear heat conduction in solid 
media subjected to loading condition of boundary convection.  
 
3.5.1 Model Geometries and Element Types 
Figure 3.8(a) shows a portion of a test panel in the metered area of the Guarded Hot Box 
Method, and Figure 3.8(b) shows a corresponding FEM model.  In Figure 3.8(a), the test panel is 
subjected to cold air on the left hand side with 7.5 or 15 mph air velocity and warm air on the 
right hand side with natural air flow.  Warm and cold air temperatures are known values, but 
both surface temperatures are unknowns.   
 
In the FEM model of Figure 3.8(b), only convection and conduction heat transfer are 
considered.  From the warm air to the surface of the panel, convection heat transfer occurs 
according to a relationship of Q=-hh(t1-th).  Inside of the test panel, heat is transferred in 
conduction, and heat is transferred with a relationship of Equation 3.4.  Finally, from the panel to 
the cold air, convection heat transfer occurs again with a relationship of Q=-hc(t2-tc).  All 
radiation effects were ignored because these are minimized with selected materials in guarded 
hot box facilities.  Also, contact resistance was ignored at the interface of the concrete and the 
insulation by assuming complete contact between the two materials. 
 
Depending upon the panel geometry, either two- or three-dimensional heat transfer 
analyses were performed to estimate R-values of the panels.  When the panel is prismatic such as 
a Figure 2.2(a) and (b), two-dimensional heat transfer analysis was conducted with the two-
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dimensional FEM model.  When the panel is non-prismatic such a case of Figure 2.2(c), three-
dimensional heat transfer analysis was conducted with the three-dimensional FEM model.   
  
The concrete and insulation are modeled with plane elements in the two-dimensional 
analyses, and with solid elements in the three-dimensional analyses.  As occasion demands, 
frame elements are used to model reinforcement or ties.  A four-point numerical integration 
scheme is used for the plane element, and, using parallelogram element, this scheme is exact for 
all quantities.  An eight-point numerical integration scheme is used for the solid elements, and, 
using parallelepiped elements, this scheme is also exact for all quantities.  For the frame 
elements, a two-point numerical integration scheme is used, and this scheme is exact for all 
quantities.   
 
Mesh refinement studies were performed to determine an appropriate element size and 
aspect ratio of the element (a ratio of the longest dimension to the shortest dimension of a 
element).  In these studies, element sizes were varied from about 0.5 in. × 0.5 in. to 3 in. × 5 in. 
in panel cross-section, and element aspect ratios were varied from about 1 to 12.  The impact on 
R-values as a function of element size and aspect ratio, along with program execution time, were 
examined to arrive at final element sizes and shape.   
 
3.5.2 Material Properties 
All materials are assumed to be isotropic and exhibit constant conductivity.  The 
assumption of isotropic behavior means that the conductivity is the same in all three directions.  
In reality, material conductivity varies with temperature.  However, over the range of 
temperatures treated (and usually considered in determining R-values), conductivity is nearly 
constant.  Therefore, a constant conductivity for the concrete and insulation materials is 
reasonable. 
 
A constant concrete conductivity of kcon=12.05 Btu⋅in/hr⋅ft2⋅°F and insulation 
conductivity of kin=0.26 Btu⋅in/hr⋅ft2⋅°F are consistently used for all FEM analyses unless they 
are specially defined.  kcon=12.05 corresponds to the concrete material having a density of 150 
pcf, and kin=0.26 corresponds to the polystyrene insulation material according to McCall (1985).  
 
3.5.3 Boundary Conditions and Loading 
Convection boundaries are specified as shown in Figure 3.8(b) on both surfaces of the 
panel.  These convection boundaries also function as loading.  Plane elements are used to specify 
convection boundaries in three-dimensional analyses, and frame elements are used in two-
dimensional analyses. 
 
  In the Guarded Hot Box Method, the test panel is in contact with moving cold and warm 
air.  Corresponding convection boundaries are specified to be similar to the test condition using 
appropriate input parameters.  The input parameters are convection coefficients and ambient air 
temperatures.  The ambient air temperatures are known values, and then the convection 
coefficients are determined by considering an air velocity, temperature, and surface material of 
the panel.  In Figure 3.8(b), forced convection boundary is specified for the cold surface of the 
panel due to the air velocity used in the cold box, and natural convection boundary is specified 
for the warm surface of the panel due to non-forced air current in the metering box. 
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Constant convection coefficients are used for each side convection boundary.  The air 
velocity, temperature, and current direction are relatively uniform near the surface of the test 
panel in both the metering and cold boxes.  Therefore, constant surface convection coefficients 
can be reasonably applied.  
 
An adiabatic surface is assumed where a symmetry boundary condition exists.  In order 
to simplify the numerical model and analysis, and to reduce program execution time, a symmetry 
condition of the panel is used.  Where the symmetry condition exists, temperatures on each side 
are identical with an axis of symmetry.  When temperatures are same for different nodes, there 
are no heat loss and gain, and heat transfer does not occur.  Therefore, adiabatic surface of zero 
temperature gradient can be applied. 
 
3.5.4 Examples of FEM Models 
Figure 3.9 shows examples of the two- and three-dimensional FEM models and their R-
value calculations.  Figure 3.9(a) shows the two-dimensional FEM model of Configuration I in 
Figure 2.2(a).  Figure 3.9(b) shows the three-dimensional FEM model of Configuration III in 
Figure 2.2(c).  The panel geometries and FEM model meshes are shown in the figure.  Gray and 
black elements represent the concrete and the insulation, respectively. 
 
For the two-dimensional FEM model (Figure 3.9(a)), only half cross-section of the panel 
was modeled by considering symmetry conditions of the panel.  Plane shell elements were used 
to model the concrete and insulation with a 1 in. thickness.  Constant conductivity for both the 
concrete and the insulation were specified.  As boundary conditions and loadings, frame 
elements were used to specify convection boundaries at top and bottom of the panel.  Zero 
conductivity for the frame elements was used, and surface convection coefficients were 
determined from the ASHRAE Handbook (hc=4 Btu⋅in/hr⋅ft2⋅°F on the cold side, hh=1.4 
Btui⋅n/hr⋅ft2⋅°F on the warm side).  The ambient air temperature was specified as 125°F and 25°F 
for the warm and cold sides, respectively.  At the mid-width of the panel where the symmetry 
condition exists, an adiabatic surface was assumed so that no heat transfer occurs.  Also, this 
adiabatic surface assumption was applied at the free edge of the panel.  The heat transfer at the 
edge of the panel varies depending on the attached material.  However, noting that the panel is 
connected to an adjacent panel, the symmetry condition is applicable so that adiabatic 
assumption is appropriate.  
 
For the three-dimensional FEM model (Figure 3.9(b)), only one quarter portion of the 
panel was modeled by considering symmetry conditions of the panel.  Three-dimensional solid 
elements were used to model the concrete and insulation.  Constant conductivity for both the 
concrete and the insulation were specified.  As boundary conditions and loadings, shell elements 
were used to specify surface convection boundaries.  As similar to the two-dimensional FEM 
model, zero conductivity for the shell elements was used, and surface convection coefficients 
were determined as hc=4 Btu/hr⋅ft2⋅°F on the cold side and hh=1.4 Btu/hr⋅ft2⋅°F on the warm side.  
Where the symmetry conditions exist, adiabatic surfaces were assumed.  Also, the adiabatic 
surface assumption was applied at the free edges of the panel.   
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Finally, the R-value is computed from Equation 3.7 using the output of the analysis.  The 
area weighted average temperatures, t1 and t2, are computed from the surface node temperatures 
of the panel.  Heat flow, Q, is computed from summing the heat flow of all surface nodes.  The 
metered area, A, is surface area of one side of the panel modeled. 
 
3.6 VERIFICATION OF THE FEM MODEL 
In this section, the results of physical experiments to measure R-values of three different 
wall systems are compared with FEM analyses of the same three wall systems.  This is done to 
verify the FEM approach to determine R-values.  The three wall systems include: (1) sandwich 
wall panel containing regions of solid concrete; (2) sandwich wall panel without any concrete 
thermal bridge; and, (3) concrete block walls with core insulation.  Each experiment is briefly 
described, and the R-values obtained from the experiment, FEM analysis, and ASHRAE 
Handbook calculation methods are presented and compared. 
   
3.6 1 Sandwich Wall Panel Containing Regions of Solid Concrete 
Kosny et al. (1999) studied thermal performance of sandwich wall panel that included 
solid concrete regions.  The solid concrete regions were used as panel wythe connectors, and 
their effect on the thermal performance of the panel was investigated experimentally. 
 
Figure 3.10 shows the configuration of the sandwich wall panel.  The wall panel is a 3-3-
3 sandwich wall panel, and the concrete wythes are connected by eight 8-5/8 × 8-5/8 in. solid 
concrete regions.  The panel was tested using the Guarded Hot Box Method described in Section 
3.3.2.  Because the panel had to be supported to the testing frame, the guarded box covered only 
four concrete penetration as shown in the dotted line in Figure 3.10.  The remaining four 
penetrations straddled the boundary between the metering box and the guard box. 
 
3.6.1.1 FEM Model and Analysis 
This is a three-dimensional heat transfer problem and one quarter fraction of the panel 
was modeled considering panel symmetry conditions as shown in Figure 3.11.  The FEM model 
is similar to previous example of the three-dimensional FEM model in Figure 3.9(b).   
 
Eight-node solid elements were used for both concrete and insulation.  The maximum 
aspect ratio of the elements was 1:3.  Constant conductivity was used for each material as 
kcon=12.5 Btu⋅in/hr⋅ft2⋅°F for concrete, kin=0.2 Btu⋅in/hr⋅ft2⋅°F for insulation.  For the boundary 
condition of the FEM model, adiabatic wall boundary was specified for both symmetry sides and 
free edges of the panel.  Also, for warm and cold surfaces of the panel, shell elements were used 
to specify convection heat transfer, and coefficients are the same as shown in the Figure 3.9(b). 
 
3.6.1.2 Comparison 
Table 3.1 shows the R-values obtained from the experiment and from the different 
analysis methods.  Also shown in the table is the ratio of each analytical result, divided by the 
experimental result. The Table 3.1 shows that the parallel flow method overestimated the 
experimentally determined R-value, and the isothermal plane method underestimated the R-
value.  The FEM result was very close to the experimental result, and it was approximately 7 % 
higher. 
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3.6.2 Sandwich Wall Panel without Any Concrete Thermal Bridge 
Snyder (1980) investigated the thermal performance of a sandwich wall panel without 
any concrete thermal bridge.  In this report, M-ties were used as the only panel wythe 
connectors, and the Guarded Hot Box Method was used to experimentally evaluate the thermal 
performance of the panel. 
 
Figure 3.12 shows the configuration of the sandwich wall panel.  The panel is a 3-2-3 
panel, and, additionally, it has 2 in. thick architectural ribs on one exterior side.  Both concrete 
wythes were prestressed with ½ in. diameter prestressing strand.  Six M-ties were placed as panel 
wythe connectors in metered area. 
 
3.6.2.1 FEM Model and Analysis 
The 5 ft. × 5 ft. metered area of the sandwich wall panel was modeled as shown in Figure 
3.13.  Eight-node solid elements were used for concrete and insulation, and frame elements were 
used to model the M-ties and strands.  Constant conductivity for each material was used as 
kcon=12.05 Btu⋅in/hr⋅ft2⋅°F for concrete, kst=314.4 Btu⋅in/hr⋅ft2⋅°F for M-ties and strands, and 
kin=0.26 Btu⋅in/hr⋅ft2⋅°F for polystyrene bead board insulation.  For the boundary condition, 
adiabatic wall boundary was specified for the four sides due to symmetry conditions of the panel, 
and two convection boundaries were specified using shell elements, same as was done for the 
previous verification model.   
 
3.6.2.2 Comparison 
Table 3.2 shows the R-values obtained from the experiment and from the different 
analysis methods.  Also shown in the table is the ratio of each analytical result, divided by the 
experimental result. The Table 3.2 shows that the parallel flow method overestimated the 
experimentally determined R-value, and the isothermal plane method estimated almost the same 
the R-value.  The FEM result was close to the experimental result, and it was approximately 11 
% higher. 
 
3.6.3 Concrete Block Walls with Core Insulation 
Shu et al. (1979) examined thermal performance of the concrete block walls with core 
insulation as shown in Figure 3.14.  Three different types of core insulation material were 
considered as a test variable, and the thermal performance of the concrete block wall was 
investigated using the Guarded Hot Box Method. 
 
The wall specimen was constructed of 8 in. height lightweight concrete masonry units.  
The three types of insulation materials treated in the study were: vermiculite; expanded 
polystyrene (EPS) beads; and formaldehyde (UF) foam.  The conductivities of each insulation 
material, as reported by She et al., are given in Figure 3.14. 
 
3.6.3.1 FEM Model and Analysis 
Shown in Figure 3.14 are the symmetry conditions used to identify a small fraction of the 
wall to be modeled, and Figure 3.15 shows the FEM model.  Eight-node solid elements were 
used to model all concrete, insulation, and mortar.  Typical element sizes are shown in Figure 
3.15.  The conductivity values used for each material are also shown in Figure 3.14.  Adiabatic 
wall boundary conditions were specified along the symmetry lines of the wall sections, and two 
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convection boundaries were specified for front and back surfaces of the concrete block wall as 
similar to the FEM model as shown in Figure 3.9. 
 
3.6.3.2 Comparison 
Table 3.3 shows R-values for the three different core materials obtained from the tests 
and from FEM analyses.  ASHRAE Handbook R-value calculations were omitted in this case, 
and a comparison of experimental and FEM results was made.   
 
As shown in Table 3.3, the R-value for the vermiculite insulation case was close to the 
experimental result.  However, walls with EPS beads and UF foams had a significant difference 
between experimental and FEM results. 
 
According to the test report, voids in the EPS and UF foam insulation in the cores were 
found, and this reportedly resulted lower experimental R-values.  It would reasonably be 
expected that the R-value of the wall with the UF foam insulation would be the highest among 
the three different core materials tested, because the UF foam insulation has the smallest 
conductivity.  However, as shown in Table 3.3, the experimentally determined R-values did not 
agree with that.  On the other hand, the FEM results predicted the correct relation ranking of R-
values of the three walls.  The larger error between the FEM analysis results and the 
experimental results is attributed to imperfect construction of the wall specimens. 
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 R-value 
(hr⋅ft2⋅°F/Btu) 
Analysis result 
Experimental result 
Parallel flow method 6.47 1.12 
Isothermal plane method 3.36 0.58 
FEM 5.48 1.07 
ASTM C-236 5.80 - 
 
Table 3.1 Comparison of calculated and experimental R-values for a sandwich wall panel tested 
by Kosny et al. (1999).  
 
 
Method R-value 
(hr⋅ft2⋅°F/Btu) 
Analysis result 
Experimental result 
Parallel flow method 8.13 1.21 
Isothermal plane method 6.92 1.03 
FEM 7.46 1.11 
ASTM C-236 6.70 - 
 
Table 3.2 Comparison of calculated and experimental R-values for a sandwich wall panel tested 
by Snyder (1980). 
 
 
R-value (hr⋅ft2⋅°F/Btu) 
Insulation Conductivity (Btu⋅in/hr⋅ft2⋅°F) ASTM C-236 FEM 
Analysis result 
Experimental result 
Vermiculite  0.39 5.26 5.92 1.13 
EPS  0.29 4.76 6.43 1.35 
UF foam  0.23 4.55 6.79 1.49 
 
Table 3.3 R-value comparison of concrete block walls with core insulation tested by Shu et al.      
(1979). 
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Figure 3.1 Illustration of the parallel flow method.
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Figure 3.2 Illustration of the isothermal plane method.
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Figure 3.3 Schematic arrangement of the major components of the guarded 
                  hot box apparatus (from ASTM C-236).
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Natural convection side
Air velocity
7.5 or 15 mph
(a) Test panel
t  = cold sidec
       air temp.
t  = warm side h
       air temp.
t  = cold side surface temp.2 t  = warm side surface temp.1
(b) FEM model
t  = warm side h
       air temp.
h
  h = warm side
convection coefficient 
t  = cold sidec
       air temp.
h
  c = cold side
convection coefficient
Discrete element 
Conduction ConvectionConvection
Q = -h (t -t )c 2 c Q = -kA( T)∆ Q = -h (t -t )h 1 h
Figure 3.8 FEM model of Guarded Hot Box Method.
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ot  = 25 Fc
ot  = 125 Fh
R-value calculation
R =                                      (3.7)A ( t - t )  1 2Q
t  = area weighted average temp.1
o
       of cold surface ( F)
t  = area weighted average temp.2
o
       of warm surface ( F) 
Q = heat flow (Btu/hr)
symmetry surface
adiabatic wall boundary
adiabatic wall boundary
Figure 3.9 Examples of FEM models.
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ot  = 25 Fc
ot  = 125 Fh
frame element
2 oh  = 1.4 Btu in/hr ft Fh
(natural convection)
· · ·
frame element
2 oh  = 4 Btu /hr ft Fc
(when air velocity is 7.5mph)
·in · ·
shell element for 2D heat transfer
symmetry line
adiabatic wall boundary
(no heat loss, no heat transfer)
adiabatic wall
boundary
(a) Two-dimensional FEM model
(b) Three-dimensional FEM model
solid element for 3D heat transfer
shell element
2 oh  = 1.4 Btu/hr ft Fh
(natural convection)
· ·
shell element
2 oh  = 4 Btu/hr ft Fc
(
· ·
when air velocity is 7.5mph)
adiabatic wall 
boundary
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8 ft. 6 in.
Figure 3.10 Sandwich wall panel tested by Kosny et al. (1999).
Figure 3.11 FEM model of the sandwich wall panel tested by Kosny et el. (1999).
solid concrete region
8-5/8 in. 8-5/8 in. × symmetry
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metered area
8 ft. 8 ft. × 
3-2-3
symmetry
Plan view
forced convection 
h =4 Btu/c2 2 ohr·ft · F
convection area
concrete
insulation
concrete
natural convection 
h =1.4 Btu/c1 2 ohr·ft · F
symmetrysymmetry
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Figure 3.12 Sandwich wall panel tested by Snyder (1980).
M-ties
2k =314.4 Btu in/hr ft Fst ⋅ ⋅ ⋅°
Insulation
2k =0.26 Btu in/hr ft Fin ⋅ ⋅ ⋅°
Concrete
2k =12.05 Btu in/hr ft Fcon ⋅ ⋅ ⋅°
Warm air = 125.1 F°
Cold air = 22.4 F°
5 ft. × 5ft. metered area
Figure 3.13 FEM model of the sandwich wall panel tested by Snyder (1980).
concrete
insulation
concrete
natural convection 
h =1.4 Btu/h
2 ohr·ft · F
forced convection 
h =4 Btu/c
2 ohr·ft · F
panel section
solid element
element size = 2”× 2”×1”  typ.
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Figure 3.15 FEM model of concrete block wall tested by Shu et al. (1979).
Figure 3.14 Concrete block wall with core insulation tested by Shu et al. (1979).
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CHAPTER 4 
PARAMETRIC STUDIES OF THERMAL PERFORMANCE OF  
THREE-WYTHE PANELS 
 
4.1 INTRODUCTION  
This chapter describes parametric studies of the thermal performance of the three-wythe 
panels.  All R-values presented in this chapter are computed using the FEM model of the 
guarded hot box test as explained in Chapter 3.  In this chapter, the thermal performance of the 
three-wythe panels is analyzed and compared with two-wythe panels.  Parametric studies are 
performed for various panel configurations of two- and three-wythe panels, and material 
conductivity variations are also considered in the study.  
 
Variables treated in the parametric studies are presented in Section 4.2.  Section 4.3 
describes the temperature distributions in the two- and three-wythe panels to help understand the 
manner in which heat is transferred through the panels.  Section 4.4 presents the results of the 
parametric studies, and Section 4.5 discusses the results.  Finally, Section 4.6 presents 
conclusions about thermal performance of three-wythe panels.  
 
4.2 VARIABLES TREATED IN THE PARAMETRIC STUDIES 
4.2.1 Overview 
Panel configurations and corresponding FEM models treated in the parametric studies are 
shown in Figures 4.1 through 4.5.  Depending on the panel configurations, either panel cross-
section or plan views are shown.  In these figures, light gray represents concrete and dark gray 
represents insulation.  All panels are 12 ft. wide and 40 ft. long.   
 
The symmetry conditions that exist in the panel determine how it is modeled.  Panels 
with a prismatic section (either transverse or longitudinal) are modeled as a two-dimensional 
analysis.  Three-dimensional analyses are performed for all other panels as described in Section 
3.5.  Additional details about how each panel was modeled are given below.  Material 
conductivity values used in the analyses were concrete conductivity of kcon=12.05 Btu⋅in/hr⋅ft2⋅°F 
and insulation conductivity of kin=0.26 Btu⋅in/hr⋅ft2⋅°F.  These values were modified for analyses 
in which material conductivities were treated as a variable.  
 
4.2.2 A-, B-, and C-series Panels  
The A-, B-, and C-series panels are all two-wythe panels.  Figure 4.1 shows cross-section 
views of the A-series panels.  In the analyses of the A-series panels, the concrete thermal bridge 
width (x1) is varied as shown in Figure 4.1. 
 
A-series panels are prismatic along the span of the panel.  They are modeled as a 2D 
analysis.  The finite element mesh used is shown in Figure 4.1.  From symmetry, only half the 
panel width is modeled.  Typical element size is 1 in. × 1 in. 
 
The A-series panels are idealized cases of two-wythe panels.  In typical two-wythe 
panels, solid concrete regions are located at either ends, sides, or inside of the panel as shown in 
Figure 2.1.   
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The B- and C-series panels of Figure 4.2 are also two-wythe panels, and they are shown 
in plan view at the insulation layer of the panel.  The B-series panels are typical two-wythe 
panels which are used in current practice, and are the same as shown in Figure 2.1(a).  The 
length of the concrete thermal bridge (x2) is varied as shown in Figure 4.2, and the width of the 
thermal bridge is kept constant at 1 ft.   
 
The C-series panels are a modified version of the B-series panels so that the effect of the 
solid end concrete region can be evaluated.  In the C-series panels, the concrete thermal bridge 
width is kept constant at 1 ft., as similar to the B-series panels, and the thermal bridge length (x2) 
is varied as shown.   
 
B- and C-series panels are not prismatic along either the span or the width of the panel.  
Thus, they are modeled as a 3D analysis.  The finite element mesh used is shown in Figure 4.2.  
From symmetry, one quarter of the panel is modeled.  Typical element size is 1 in. × 1 in. × 6 in. 
 
Table 4.1 summarizes the analysis matrix and analysis results of the A-, B-, and C-series 
panels.  Only one panel thickness of 3-2-3 is used, and several different sizes of the concrete 
thermal bridge width are considered for the A-, B-, and C-series panels.  The analysis results are 
discussed in Section 4.4. 
 
4.2.3 D- and E-series Panels  
Figure 4.3 shows cross-section views of the D- and E-series panels.  The D- and E-series 
panels are three-wythe panels and correspond to the Configuration I shown in Figure 2.2(a).  The 
D-series panels have a total 4 in. insulation thickness, and the E-series panels have a total 2 in. 
insulation thickness.  Variables treated in the D- and E-series panels are the panel thickness and 
the concrete thermal bridge width (x1) as shown in Figure 4.3.   
 
D- and E-series panels are prismatic along the span of the panel.  They are modeled as a 
2D analysis.  The finite element mesh used is shown in Figure 4.3.  From symmetry, only half 
the panel width is modeled.  Typical element size is 1 in. × 1 in. 
 
The analysis matrix and analysis results for the D- and E-series panels are shown in Table 
4.2.  Six different panel thickness combinations are used, and seven different sizes of concrete 
thermal bridge width are considered in the D- and E-series panels. 
 
4.2.4 F- and G-series panels  
Figure 4.4 shows longitudinal cross-section views of the F- and G-series panels.  The F- 
and G-series panels are three-wythe panels and correspond to the Configuration II shown in 
Figure 2.2(b).  The F-series panels have a total 4 in. insulation thickness, and the G-series panels 
have a total 2 in. insulation thickness.  Variables treated in the F- and G-series panels are the 
panel thickness and the insulation overlap length (x3) as shown in Figure 4.4.  For F- and G-
series panels, a fixed concrete thermal bridge width of 12 in. is used for all panels as shown in 
the figure.  This is simply assumed for the purpose of estimating the R-value of the panel with 
respect to the insulation overlap length (x3). 
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F- and G-series panels are prismatic across the width of the panel.  They are modeled as a 
2D analysis.  The finite element mesh used is shown in Figure 4.4.  From symmetry, only a small 
fraction of the panel is modeled.  Typical element size is 1 in. × 1 in. 
 
The analysis matrix and analysis results for the F- and G-series panels are shown in Table 
4.3.  Six different panel thickness combinations are used as similar to the D- and E-series panels, 
and six different sizes of insulation overlap length are considered in the F- and G-series panels. 
 
4.2.5 H-, I-, J-, K-, L-, and M-series Panels  
Figure 4.5 shows plan views of the H- through M-series panels.  The H- through M-series 
panels are three-wythe panels and correspond to the Configuration III shown in Figure 2.2(c).  
As similar to the B- and C-series of two-wythe panels, the concrete thermal bridge (x2) is 
considered as a variable for H- through M-series panels.   
 
The panel configurations of the H- through M-series panels are similar to the D- and E-
series panels except either longitudinal concrete ribs are discontinuous or some panels have more 
numbers of concrete ribs.  In Figure 4.5, white regions are solid concrete regions at bottom 
insulation layer, and light gray regions are solid concrete regions at top insulation layer of the 
panel.  All panels have 2.5 ft. long solid concrete end regions at each end of the panel, and they 
are all 1 ft. wide.  This panel end condition is the same as the C-series panels.  H- versus I-, J- 
versus K-, and L- versus M-series panels have same concrete region area for each case, but 
concrete regions are put together for the I-, K-, and M-series panels. 
 
H- through M-series panels are not prismatic, and they are modeled as a 3D analysis.  
The finite element mesh used is shown in Figure 4.4.  As similar to the B- and C-series panels, 
from symmetry, only one quarter of the panel is modeled for the H- through M-series panels, and 
typical element size is 1 in. × 1 in. × 6 in. 
 
The analysis matrix and analysis results of the H- through M-series panels are shown in 
Table 4.4.  Only one panel thickness of 2-1-3-1-2 is considered with a total of 2 in. insulation 
thickness, and four different sizes of the concrete thermal bridge width are investigated.  
 
4.2.6 Material Conductivity Variation 
The conductivities of the insulation and concrete were varied to examine how the R-
values of the panels were affected.  The R-values are compared for A-series (two-wythe) and E-
series (three-wythe) panels with same thickness of insulation and concrete.  Only panels having 
thermal bridge widths of 12 in. and 24 in. are investigated for the material conductivity variation 
(A-12 and A-24 for the two-wythe panel, and E3-12 and E3-24 for the three-wythe panel, as 
shown in Tables 4.1 and 4.2). 
 
Table 4.5 shows insulation conductivities for various insulation materials which are 
typically used for the sandwich wall panels in practice (PCI Committee Report, 1997a).  As 
shown in the table, insulation conductivity ranges from 0.1 to 0.35 Btu⋅in/hr⋅ft2⋅°F.  Based on 
these values, four insulation conductivities, kin=0.1, 0.2, 0.26, and 0.35 Btu⋅in/hr⋅ft2⋅°F, are 
selected as variables, and R-values of the two- and three-wythe panels are investigated and 
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compared.  In these analyses, the concrete conductivity is kept constant at kcon=12.05 
Btu⋅in/hr⋅ft2⋅°F.   
 
Table 4.6 shows a relationship of concrete conductivities with respect to different 
concrete density adapted from ASHRAE Handbook (1993), McCall (1985), and PCI Design 
Handbook (1999).  As shown in the table, in general, the concrete conductivity tends to increase 
as the concrete density increases, but there is wide variation in the actual conductivity values.  
  
To examine the influence of concrete conductivity, the concrete conductivities from the 
PCI Design Handbook are used.  Four concrete conductivities, kcon=4.17, 7.14, 12.05, and 13.33 
Btu⋅in/hr⋅ft2⋅°F are selected, and R-values of the two- and three-wythe panels are investigated 
and compared.  For these analyses, the insulation conductivity is kept constant at kin=0.26 
Btu⋅in/hr⋅ft2⋅°F.  
 
4.3 TYPICAL TEMPERATURE DISTRIBUTIONS IN TWO- AND THREE-WYTHE 
PANELS 
The FEM heat transfer analyses provide the temperatures at each node for all of the 
elements.  Typical temperature distributions in two- and three-wythe panels are shown in Figures 
4.6 and 4.7, respectively.  Results of panel A-24 are shown in Figure 4.6, and the results of panel 
E-24 are shown in Figure 4.7.  For both panels, the concrete thermal bridge width is 24 in., and 
the top and bottom ambient air temperatures are 125°F and 25°F, respectively, as prescribed in 
the guarded hot box test.  In each figure, the panel section geometry is shown in part (a), and 
temperature contours from the FEM analysis are shown in part (b).  In part (c) of each figure, the 
temperatures across the horizontal sections cut in part (a) of each figure are plotted. 
 
As shown in Figure 4.6, the panel surface temperatures in the two-wythe panel (lines a-a 
and e-e in Figure 4.6(c)) deviate dramatically from the ambient air temperatures at the solid 
concrete region.  This solid concrete region clearly functions as a thermal bridge.  Also, lateral 
heat transfer occurs in the panel near the solid concrete region, as can be seen from the 
temperature contour of Figure 4.6(b) and plot of the Figure 4.6(c).  Heat is transferred between 
different temperatures so that heat flow is perpendicular to temperature contour.    
 
In contrast, for the three-wythe panel of Figure 4.7, the panel surface temperatures (lines 
a-a and g-g in Figure 4.7(c)) at both the hot and cold sides are relatively uniform.  Even near the 
region where the solid concrete regions are located, the temperatures are fairly uniform as 
compared to the two-wythe panel.  Lateral heat flow also occurs in the three-wythe panel, and 
much of this occurs in the center concrete wythe of the panel as shown in the temperature 
contour of the Figure 4.7(b) and temperature distribution of line d-d in the Figure 4.7(c). 
 
4.4 DISCUSSION OF PARAMETRIC STUDY RESULTS 
4.4.1 A-series Panels  
Table 4.1 shows R-values of A-series two-wythe panels, and Figure 4.8 shows a plot of 
R-values with respect to the concrete thermal bridge width, x1 (in.).  The plot includes R-values 
obtained from FEM analyses and from ASHRAE Handbook calculations (i.e. the parallel flow 
method and isothermal plane method). 
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As shown in Figure 4.8, R-value decreases with increased x1, i.e., the thermal 
performance of the panel decreases with an increased area of solid concrete which penetrates the 
insulation layer.  The figure shows that the R-value decreases rapidly at small values of x1, and 
that R-values slowly converges to the R-value of solid concrete panel case.  Thus, the thermal 
bridge effect is more significant at smaller thermal bridge width, and then gradually decreased.  
 
Comparing R-values obtained from the different calculation methods, the isothermal 
plane method predicted lowest R-values, and the FEM R-values were slightly higher than the 
parallel flow method results.  Noting that the isothermal plane method predicts a lower bound 
and the parallel flow method predicts an upper bound of the R-value for a sandwich wall panel 
because the lateral heat flow is fully permitted in the isothermal plane method and vice versa for 
the parallel heat flow method, the R-values of the Figure 4.8 do not agree with that.  This is 
because the R-values in Figure 4.8 are computed using surface-to-surface temperatures.  When 
air-to-air temperatures are used to compute R-values (in this case, R-value is the overall R-value, 
RT, described in Section 3.2.4), the FEM results fall in between the values computed using the 
parallel flow and isothermal plane methods.  
 
4.4.2 D- and E-series Panels  
Table 4.2 shows R-values of D- and E-series three-wythe panels, and Figure 4.8 shows a 
plot of R-values with respect to the concrete thermal bridge width, x1 (in.).  Similar to the two-
wythe panel, for the three-wythe panel the R-value decreases when x1 increases, but degree of 
R-value decrease of the three-wythe panel is less than that of the two-wythe panel.  
 
In Figure 4.8, the top three results are from the D-series panels which are of 3-2-3-2-3, 2-
2-2-2-2, and 2-2-3-2-2 panels, and these panels have a total 4 in. insulation thickness.  The 
middle three results are from the E-series panels which are of 3-1-3-1-3, 2-1-3-1-2, and 2-1-2-1-2 
panels, and these panels have a total 2 in. insulation thickness.  The plots for individual panels 
within each series are almost identical.  This indicates that the concrete wythe thickness does not 
have much of an effect on the R-value of the panel, but that insulation thickness does affect the 
R-value significantly.  
 
Comparing the A- and E-series panels which are the two- and three-wythe panels having 
a total 2 in. insulation thickness, the three-wythe panels exhibit higher R-values than the two-
wythe panels.  Therefore, better thermal performance of the panel can be achieved using the 
three-wythe panel.  If it is assumed that a practical concrete region width is in the range of 12 in. 
to 24 in., then a 35% to 60 % higher R-value could be obtained from the three-wythe panel as 
shown in the Figure 4.8.  
 
4.4.3 F- and G-series Panels  
Table 4.3 shows R-values of F- and G-series three-wythe panels, and Figure 4.9 shows a 
plot of R-values with respect to the insulation overlap length, x3 (in).  The plot shows that the R-
value increases when the insulation overlap length x3 increases.  This is because the path along 
which the heat flows increases when x3 increases, so that better thermal performance is obtained 
for a large insulation overlap length panel.  On the other hand, slope of R-value curve gets 
smaller when x3 increases.  This decreased R-value gradient change indicates that insulation 
overlap effect is more significant at smaller overlap lengths, and then gradually decreased.  
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In Figure 4.9, the top three results are from the F-series panels which have a total 4 in. 
insulation thickness.  The bottom three results are from the G-series panels which have a total 2 
in. insulation thickness.  This results agrees the previous statement that a concrete layer thickness 
does not much affect the thermal resistance value of the panel, but insulation thickness does 
affect the R-value significantly. 
 
When x3 (in.) is equal to 48 in. R-values of the F- and D-series are 11.8 and 6.7, 
respectively.  These values correspond to 74% and 81% of the R-values for perfect panels which 
do not contain any thermal bridges. (R-values are 16.0 and 8.3 hr⋅ft2⋅°F/Btu for the perfect panels 
with total 4 in. and 2 in. insulation, respectively) 
 
4.4.4 B-, C-, H-, I-, J-, K-, L-, and M-series Panels  
Table 4.1 shows R-values of B- and C-series two-wythe panels, and Table 4.4 shows R-
values of H- through and M-series three-wythe panels.  Figure 4.10 shows a plot of R-values of 
B-, C-, and H- through M-series panels with respect to the concrete thermal bridge length, x2 
(in.).  From the plot, the bottom two lines are from the B- and C-series panels, and the remaining 
lines are from the H- through M-series panels. 
 
As shown in Figure 4.10, R-values of the three-wythe panels are higher than those of the 
two-wythe panels.  This is because the solid concrete regions directly penetrate the insulation 
layer for the two-wythe panels, and then R-value of the panel is decreased.  However, for the 
three-wythe panels, because the insulation layers are staggered, the R-value reduction is small 
and better thermal performance of the panel is shown.  
 
The R-values of the three-wythe panels are all similar to each other even though they 
have different arrangement of solid concrete regions.  The R-values of the panels decrease in the 
order of I, K, H, J, M, and L-series.  This order seems to be the result of an increasing number of 
concrete ribs. 
 
Comparing the H- with I-series, J- with K-series, and L- with M-series panels, the R-
values of I-, K-, and M-series panels are slightly higher than those of H-, J-, and L-series panels.  
Therefore, dividing concrete thermal bridges into smaller regions over the panel reduces R-value 
of the panel.  However, as shown in Figure 4.10, the effect is not that significant.  
 
Comparing the B-series x2=0 case with the C-series x2=0 case in which solid concrete 
inside regions are not included, the R-value is reduced to 56%.  This indicates that the solid 
concrete end region affects the thermal resistance value significantly. 
 
4.4.5 Material Conductivity Variation  
4.4.5.1 Insulation Conductivity Variation  
Figure 4.11 shows the relationship between R-value and insulation conductivity, kin.  For 
both the two- and three-wythe panels, the R-values decrease when the insulation conductivity 
increases, and the R-values of the three-wythe panels are higher than those of the two-wythe 
panels for the given panel configurations. 
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As shown in Figure 4.11, the R-values of the three-wythe panels are relatively higher 
than those of the two-wythe panels for small insulation conductivities.  In other words, a three-
wythe panel can be more efficient when using high resistance insulation material.  On the other 
hand, using relatively high conductivity insulation material, the beneficial effect of using three-
wythe panel is not as significant. 
 
4.4.5.2 Concrete Conductivity Variation  
Figure 4.12 shows the relationship between R-value and concrete conductivity, kcon.  For 
both the two- and three-wythe panels, the R-values decrease when the concrete conductivity 
increases, and the R-values of the three-wythe panels are higher than those of two-wythe panels.  
 
Figure 4.12 shows that the impact of concrete conductivity is about the same for the two- 
and three-wythe panels.  In addition, considering that normal concrete with a density of 140 ~ 
150 pcf is used for making a panel, corresponding concrete conductivity is in a range of 
kcon=10~15 Btu⋅in/hr⋅ft2⋅°F.  Therefore, the R-value of the panel is not affected much as shown in 
Figure 4.12.   
 
4.5 FURTHER DISCUSSION 
Figure 4.13 is a summary plot of the thermal performance of the two- and three-wythe 
panels.  The R-values of all panels having a total 2 in. insulation thickness are included in the 
figure.  Figure 4.13 shows R-value versus the solid concrete area ratio.  The solid concrete area 
ratio is computed by dividing the solid concrete area by the total panel area.  For the two-wythe 
panels of the A-, B-, and C-series panels, the solid concrete area is concrete area which 
penetrates the insulation layer.  For the three-wythe panels, the solid concrete area is the average 
solid concrete area which penetrates the insulation layer at the top and bottom insulation layers.  
The total panel area is uniform for all panels, and is equal to 480 ft2.  
 
Figure 4.13 shows that the R-value decreases as the solid concrete area ratio increases.  
Several trend lines are shown in the Figure 4.13.  The bottom dotted trend line represents the 
two-wythe panels of A-, B-, and C-series panels, and the other trend lines are from the three-
wythe panels.  As shown in the figure, the R-values of the three-wythe panels are higher than 
those of the two-wythe panels with respect to same solid concrete area ratio.  This indicates the 
solid concrete area does not affect the R-value of the three-wythe panel as much as it affects the 
R-values of the two-wythe panel.  It is therefore concluded that we can improve the thermal 
performance of concrete sandwich wall panels by using three-wythe panels instead of using 
traditional two-wythe panels. 
 
4.6 CONCLUSIONS  
The major conclusions based on the analyses presented in this chapter are as follows. 
 
1. In general, the thermal performance of three-wythe panels is better than that of two-
wythe panels due to the increased length of the thermal path through the solid concrete in 
the three-wythe panel as compared to the two-wythe panel.  
2. The R-value of a three-wythe panel increases as the insulation overlap length increases.  
The insulation overlap effect is more significant at smaller overlap lengths, and then 
gradually decreases as overlap length increases.  
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3. Concrete wythe thickness does not have a significant effect on the R-value of both two- 
and three-wythe panels.  Insulation thickness does have a significant effect on the R-
value. 
4. Three-wythe panels derive a greater benefit in thermal performance (i.e. have a higher R-
value) from the use of a high resistance insulation material as compared with two-wythe 
panels.  
5. ASHRAE Handbook R-value calculation methods do not provide accurate estimates of 
the R-values of three-wythe panels.  Other calculation methods should be used to 
estimate the R-values of three-wythe panels, such as FEM analyses or experimental 
methods. 
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Series name Panel designation Panel thickness 
Variable 
x1 or x2 (in.) 
R-value 
(hr⋅ft2⋅°F/Btu) 
A-0 0 8.2 
A-4 4 6.1 
A-8 8 5.4 
A-12 12 4.9 
A-24 24 3.7 
A-36 36 3.0 
A 
A-48 
3-2-3 
48 2.4 
B-0 0 4.6 
B-6 6 4.2 
B-12 12 4.1 
B-24 24 3.8 
B 
B-36 
3-2-3 
36 3.5 
C-0 0 6.9 
C-6 6 6.3 
C-12 12 6.0 
C-24 24 5.4 
C 
C-36 
3-2-3 
36 4.9 
 
Table 4.1 R-values for A-, B-, and C-series panels. 
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Series name Panel designation Panel thickness 
Variable 
x1 (in.) 
R-value 
(hr⋅ft2⋅°F/Btu) 
D1-0 0 16.1 
D1-4 4 13.3 
D1-8 8 12.6 
D1-12 12 12.1 
D1-24 24 10.8 
D1-36 36 9.8 
D1-48 
3-2-3-2-3 
48 8.8 
D2-0 0 16.0 
D2-4 4 13.1 
D2-8 8 12.4 
D2-12 12 11.9 
D2-24 24 10.7 
D2-36 36 9.6 
D2-48 
2-2-3-2-2 
48 8.7 
D3-0 0 15.9 
D3-4 4 13.2 
D3-8 8 12.6 
D3-12 12 12.1 
D3-24 24 10.8 
D3-36 36 9.8 
D 
D3-48 
2-2-2-2-2 
48 8.8 
E1-0 0 8.4 
E1-4 4 7.4 
E1-8 8 7.0 
E1-12 12 6.8 
E1-24 24 6.1 
E1-36 36 5.6 
E1-48 
3-1-3-1-3 
48 5.1 
E2-0 0 8.3 
E2-4 4 7.2 
E2-8 8 6.9 
E2-12 12 6.6 
E2-24 24 5.9 
E2-36 36 5.4 
E2-48 
2-1-3-1-2 
48 4.9 
E3-0 0 8.2 
E3-4 4 7.2 
E3-8 8 6.9 
E3-12 12 6.6 
E3-24 24 5.9 
E3-36 36 5.4 
E 
E3-48 
2-1-2-1-2 
48 4.9 
Table 4.2 R-values for D- and E-series panels. 
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Series name Panel designation Panel thickness 
Variable 
x3 (in.) 
R-value 
(hr⋅ft2⋅°F/Btu) 
F1-0 0 3.0 
F1-6 6 5.5 
F1-12 12 7.4 
F1-24 24 9.8 
F1-36 36 11.1 
F1-48 
3-2-3-2-3 
48 11.9 
F2-0 0 2.8 
F2-6 6 5.3 
F2-12 12 7.2 
F2-24 24 9.6 
F2-36 36 10.9 
F2-48 
2-2-3-2-2 
48 11.7 
F3-0 0 2.8 
F3-6 6 5.7 
F3-12 12 7.4 
F3-24 24 9.9 
F3-36 36 11.1 
F 
F3-48 
2-2-2-2-2 
48 11.9 
G1-0 0 2.3 
G1-6 6 3.9 
G1-12 12 4.8 
G1-24 24 5.9 
G1-36 36 6.4 
G1-48 
3-1-3-1-3 
48 6.8 
G2-0 0 2.1 
G2-6 6 3.7 
G2-12 12 4.6 
G2-24 24 5.7 
G2-36 36 6.2 
G2-48 
2-1-3-1-2 
48 6.6 
G3-0 0 2.2 
G3-6 6 3.8 
G3-12 12 4.8 
G3-24 24 5.7 
G3-36 36 6.2 
G 
G3-48 
2-1-2-1-2 
48 6.6 
 
Table 4.3 R-values for F- and G-series panels. 
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Series name Panel designation Panel thickness 
Variable 
x2 (in.) 
R-value 
(hr⋅ft2⋅°F/Btu) 
H-6 6 7.7 
H-12 12 7.6 
H-24 24 7.4 
H 
H-36 
2-1-3-1-2 
36 7.1 
I-6 6 8.0 
I-12 12 7.8 
I-24 24 7.5 
I 
I-36 
2-1-3-1-2 
36 7.3 
J-6 6 7.5 
J-12 12 7.3 
J-24 24 7.0 
J 
J-36 
2-1-3-1-2 
36 6.7 
K-6 6 7.7 
K-12 12 7.6 
K-24 24 7.2 
K 
K-36 
2-1-3-1-2 
36 6.9 
L-6 6 7.2 
L-12 12 7.0 
L-24 24 6.7 
L 
L-36 
2-1-3-1-2 
36 6.3 
M-6 6 7.5 
M-12 12 7.3 
M-24 24 6.8 
M 
M-36 
2-1-3-1-2 
36 6.5 
 
Table 4.4 R-values for H-, I-, J-, K-, L-, and M-series panels. 
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 Insulation material Insulation conductivity, kin (Btu⋅in/hr⋅ft2⋅°F) 
Polyisocyanurate 0.18 0.15~0.10 
Expanded polystyrene - extruded 
(smooth skin surface) 0.2 
Expanded polystyrene - molded bead 0.26~0.23 
Phenolic 0.16~0.23 
Cellular glass 0.35 
 
Table 4.5 Insulation conductivity for various insulation materials (PCI Committee  
    Report, 1997a).  
 
 
 
Concrete conductivity, kcon 
(Btu⋅in/hr⋅ft2⋅°F) Concrete 
density 
(pcf) ASHRAE Handbook 
(1993) 
McCall 
(1985) 
PCI Design 
Handbook (1999) 
150 10 ~ 20 12.05 - 
145 - 10.9 13.33 
140 9 ~ 18 9.87 12.05 
120 7.9 6.61 7.14 
100 5.5 4.43 4.17 
 
Table 4.6 Concrete conductivity with respect to concrete density. 
  51
Figure 4.1 A-series panel configuration (panel section view).
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(a) B-series panel configuration
Figure 4.2 B- and C-series panel configurations (panel plan view). 
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Figure 4.3 D- and E-series panel configurations (panel section view). 
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(b) G-series panel configuration
(a) F-series panel configuration
Figure 4.4 F- and G-series panel configurations (panel section view).
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(a) H-series panel configuration
(b) I-series panel configuration
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Figure 4.5 H-, I-, J-, K-, L-, and M-series panel configurations (panel plan view).
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(c) J-series panel configuration
(d) K-series panel configuration
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Figure 4.5 (Continued) H-, I-, J-, K-, L-, and M-series panel configurations (panel plan view).
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(e) L-series panel configuration
Figure 4.5 (Continued) H-, I-, J-, K-, L-, and M-series panel configurations (panel plan view).
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Figure 4.6 Temperature distribution in a 3-2-3 panel (panel A-24).
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Figure 4.7 Temperature distribution in a 2-1-2-1-2 panel (panel E3-24). 
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         Figure 4.8 R-value vs. thermal bridge width for A-, D-, and E-series panels.
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        Figure 4.9 R-value vs. Insulation overlap length for F- and G-series panels.
        Figure 4.10 R-value vs. thermal bridge length for B-, C-, H-, I-, J-, K-, L-, and 
          M-series panels.
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        Figue 4.11 R-values for insulation conductivity variation.
        Figure 4.12 R-values for concrete conductivity variation.
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        Figure 4.13 R-value vs. solid concrete area ratio for two- and three-wythe panels.
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CHAPTER 5 
DESIGN STUDIES 
 
5.1 INTRODUCTION 
Chapter 4 examined the thermal performance of three-wythe panels.  This chapter 
examines the anticipated structural performance of three-wythe panels.  This is accomplished by 
designing a series of two- and three-wythe panels using current codes and industry practices, and 
making necessary assumptions for the unique features of the three-wythe panel.  Examination of 
the resulting panels provides insight in to the anticipated capabilities of the three-wythe panels, 
and also provides insight in to aspects of structural behavior which are studied experimentally in 
later chapters. 
 
Section 5.2 describes design loads and material properties used in this chapter.  Section 
5.3 briefly reviews current practice for the design of two-wythe panels.  Building on this 
discussion, Section 5.4 describes a procedure for the design of three-wythe panels.  This includes 
a detailed presentation of specific equations that are used to address all strength and 
serviceability requirements in design.  A final proposed design procedure for three-wythe panels 
is presented in a design example in Appendix A.  Finally, a series of two- and three-wythe panels 
are designed and compared in Section 5.5.   
 
5.2 DESIGN LOADS AND MATERIAL PROPERTIES 
Precast concrete sandwich wall panels can be mostly subjected to lateral and axial load 
due to wind, earthquake, snow, dead loads, live loads, and self weight.  Other additional loads to 
be considered are shipping and handling loads and thermal induced loads.  This study primarily 
focused on investigating general structural behavior of the three-wythe panel subjected to lateral 
load only due to wind loads. 
 
5.2.1 Design Loads 
Design wind loads are computed using ASCE 7-98 (2000), Minimum Design Loads for 
Building and Other Structures (hereafter referred to ASCE 7-98).  Table 5.1 summaries design 
wind pressure, p, calculation procedure adopted from ASCE 7-98, considering only the cladding 
panel case. 
 
As shown in Table 5.1, the design wind pressure calculation for a cladding panel depends 
on the mean roof height.  When the mean roof height, h, is less than 60 ft., the wind pressure is 
uniform, but when h is larger than 60 ft., the design wind pressure varies along the height. 
 
Assuming the panel treated here is 12 ft. wide and 40 ft. long, and a building structure of 
the panel is located at northeast coast area in US, the design wind pressure calculation is as 
follows:  The mean roof height is 40 ft. so that wind pressure, p, is computed according to the 
left hand side column in Table 5.1.  Velocity pressure, qh, is 26.0 psf using assumptions of basic 
wind speed of 100 mph, Exposure C, Importance factor of 1.15, and considering other factors 
such as wind directionality and topographic effect.  Next, External and Internal pressure 
coefficients, GCp and GCpi, are computed using tables provided in ASCE 7-98.  Finally, the 
design wind pressure, p, is computed as 22.9 psf for pressure load and 25.5 psf for suction load.   
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In this report, a uniform wind pressure of 32 psf is used as the service load for all panels.  
This value is sometimes used in practice for routine panel design (HCSI, 1999) This constant 
value was used for the purpose of simplifying a load calculation for different span panels, and 
the load was also assumed to be same for both pressure and suction.  As an aside, the wind 
pressure of 32 psf approximately corresponds to basic wind speed of 112 mph with the same 
assumptions above. 
 
When designing a cladding panel, the panel should be checked for all factored load 
combinations.  However, considering the panel as a cladding panel, the wind load effect 
dominates and the other dead load, live load, and thermal induced load effects are small enough 
to ignore.  Therefore, the controlling load combination, U, is: 
 
WDU 3.19.0 +=        (5.1) 
 
where D is dead load and W is wind load.  The stresses associated with self-weight are typically 
small as compared to the stresses caused by wind.  When ignoring self weight of the panel, 
Equation 5.1 can be rewritten as:  
 
WU 3.1=         (5.2) 
 
5.2.2 Design Material Properties 
This section summarizes material properties used in the design studies.  All material 
properties are similar to current practice for two-wythe panels.  The material properties presented 
here are also used in the numerical analyses of the three-wythe panels in Chapter 6.  
 
5.2.2.1 Concrete  
All concrete wythes are assumed to have the same concrete material properties.  Concrete 
compressive strength, fci’, at transfer of prestress is 3500 psi, and concrete compressive strength, 
fc’, at 28 days is 6000 psi.  The tensile strength of concrete, fr’, is computed as:  
 
'5.7' cr ff =         (5.3) 
 
and the concrete modulus of elasticity, Ec, is as: 
 
'57000 cc fE =        (5.4) 
 
Equations 5.3 and 5.4 are applied to both fci’ and fc’.  Poisson’s ratio, ν, and weight of the 
concrete, wc, are assumed as 0.2 and 150 pcf respectively. 
 
5.2.2.2 Prestressing Steel 
The prestressing steel was assumed to be 7/16 in. diameter Grade 270 seven-wire low-
relaxation strand for all panels.  The yield stress, fpy, was taken as 243 ksi, and the ultimate 
strength of the prestressing steel, fpu, was taken as 270 ksi.  The modulus of elasticity of the 
strand, Eps, was taken as 28500 ksi.  The stress-strain relationship of the strand was taken from 
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the PCI Design Handbook (Design Aid 11.2.5).  Equations 5.5 and 5.6 describe the stress-strain 
relationship of the strand that is used in strain-compatibility analysis calculations. 
 
εps  ≤ 0.0086 : fps =  28500εps  (ksi)     (5.5) 
εps  > 0.0086 : fps =  270 – 0.04/(εps – 0.007)  (ksi)   (5.6) 
 
where εps is strain in units of in./in. and fps is stress in units of ksi of the prestressing strand. 
 
5.2.2.3 Insulation  
The following insulation properties are assumed: the minimum compressive strength is 
25 psi, the minimum flexural strength is 75 psi, compression and tension modulus are 1.35 and 
0.94 ksi respectively, and shear modulus is 0.42 ksi assuming Poisson’s ratio, vi, as 0.3.  These 
properties are similar to a material named Foamular 250 manufactured by Owens-Coring Co., 
and these values are from the manufacturer’s literature and laboratory test data.  As an aside, 
insulation conductivity of 0.26 Btu⋅in/hr⋅ft2⋅°F was used in the thermal study of Chapters 3 and 4, 
but the Foamular 250 has a reported conductivity of 0.2 Btu⋅in/hr⋅ft2⋅°F. 
 
5.2.2.4 M-tie Wythe Connector 
Figure 7.4 shows the geometric shape of the M-tie.  It has two 0.25 in. diameter legs, and 
is 4 in. in height and 4 in. in width.  As occasion demands, M-ties having longer legs are used to 
tie thicker panels.  The M-tie has a yield strength of 80.5 ksi, and elastic modulus of 30000 ksi. 
 
5.3 CURRENT DESIGN PRACTICE FOR TWO-WYTHE PANELS 
Current design practice of the precast prestressed two-wythe sandwich wall panels is 
explained in PCI Committee Report and PCI Design Handbook.  The design of two-wythe panels 
is similar to that of typical precast prestressed concrete members once a selection of the type of 
panel to be designed and manufactured is made.  The criteria used to design the precast 
prestressed panels are stated in the current version of ACI 318-99 and other applicable building 
codes. 
 
Panels are classified as composite, non-composite, or semi-composite panels, depending 
on the degree of composite action of the panel as described in Section 2.2.2.  In current design of 
composite and non-composite panels, each corresponding section property is used not only for 
stripping, handling, and erection but also for service loads.  However, in the design of the semi-
composite panels, composite section properties are used for stripping, handling, and erection, and 
non-composite section properties are used for service loads. 
 
In flexure design, panels are checked for stresses resulting from in-place service loads, 
and resistance to in-place factored loads.  Then, an abrupt flexural failure of the panel is 
prevented by comparing cracking strength and flexural strength and, if necessary, supplemental 
flexural reinforcement is added.  In addition, when the panel is used as a load-bearing panel, 
because the panel is usually slender, secondary effects are typically considered. 
 
In shear design of a composite panel, a mechanism is provided for horizontal shear 
transfer between wythes.  The horizontal shear strength is compared with the required horizontal 
shear force and, if necessary, supplemental reinforcement is added. 
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As a serviceability issue of the panel, deflection of the panel is checked at service load.  
However, there is no limitation requirement for the cladding panel in current ACI 318-99 and 
PCI Design Handbook.  According to ACI Committee 533 Report titled Guide for Precast 
Concrete Wall Panels (1993), the deflection of any point on the panel should not exceed the 
limits given in Table 5.2.  The table shows deflection limits for load-bearing and non-load-
bearing precast wall panels.  For the cladding wall panels, deflections are limited to L/480, but 
not greater than 0.75 in.  However, these limitations are not followed in current practice (ACI 
Committee 533, 1996). 
 
As additional design considerations, panels are checked for stripping, handling, 
transportation, and erection.  Precast panels are sometimes governed by these loading cases.  
Also, connection details of the panel need to be properly designed (such as connections between 
panel and frame or panel and foundation). 
 
Typical two-wythe panels are prestressed at both the face and back wythes.  Many 
designers use a minimum level of effective prestress, fpe, for each wythe ranging between 150 
and 600 psi.  Panels with a minimum prestress of 225 psi are often used, since this is the 
minimum prestress level needed not to require minimum longitudinal reinforcement according to 
the ACI 318-99 (Section 18.11.2). 
 
 The wythe thickness commonly used for sandwich wall panels typically ranges from a 
minimum of 2 in. to as thick as required for the imposed loading, and generally this is 
determined by the panel type and final use.  The maximum strand diameter that may be used is 
related to wythe thickness.  Satisfactory results have been experienced using 3/8 in. diameter 
strand in 2 in. thick wythes containing ¾ in. maximum aggregate size, and a wythe thickness of 3 
in. is sufficient when using ½ in. diameter strand (PCI Committee Report, 1997a).   
 
Many different types, sizes, and materials are used for wythe connectors.  In a composite 
panel, wythe connectors may be used to provide shear transfer between the wythes.  In a non-
composite panel, wythe connectors are only used to tie the two wythes together for out of plane 
forces.  Commonly used wythe connectors include C-ties, Z-ties, M-ties, cylindrical metal sleeve 
anchors, hairpins, circular expanded metals, welded wire trusses, plastic or fiber-composite pins, 
and areas of solid concrete.  Wythe connectors are typically spaced from 16 × 16 in. to 48 × 48 
in. on centers.   
 
5.4 DESIGN CONSIDERATIONS FOR THREE-WYTHE PANELS 
Design of a three-wythe panel is similar to the design of a two-wythe panel except for 
special consideration of stresses in the end regions.  Figure 5.1 shows a flow chart of the design 
procedure of three-wythe panels.  From given load and panel section geometry, a three-wythe 
panel is designed in flexure and shear as similar to the two-wythe panels.  Deflection of the panel 
is also checked as a serviceability issue.  Then, as explained previously, panel stresses at the end 
regions need to be checked at transfer of prestress.  Details of each design consideration for 
three-wythe panels are described in Sections 5.4.1 through 5.4.5. 
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When prestress force is not acting on all concrete wythes uniformly, panel end distortion 
occurs.  This is because the three-wythe panel has an unsymmetry cross-section as shown in 
Figure 2.2.  The panel end distortion causes unfavorable transverse stresses especially at the end 
of the panel, and should be limited to certain stresses to keep the panel from cracking.  This is an 
added design check not required in the design of the two-wythe panel.  Details of this issue about 
the panel end transverse stresses are described in Chapter 6 with several solutions to reduce the 
stresses.   
 
5.4.1 Flexural Design 
As shown in Figure 5.1, the flexural design of three-wythe panels should satisfy the 
following three requirements: (1) flexural stresses at service load; (2) flexural strength for 
factored loads; and, (3) prevent an abrupt failure of the panel.  In all cases, composite panel 
behavior is assumed.  
 
5.4.1.1 Flexural Stresses at Service Load 
Flexural stresses, σ, can be computed using a simple flexural formula of Equation 5.7.  
Including effective prestress of the panel, fce (after allowance for all prestress losses): 
 
I
cMfce
⋅
+=σ         (5.7) 
 
where M is the moment, c is the distance from the centroidal axis to either the extreme tension  
or compression fibers, and I is the moment of inertia of the panel cross-section. 
 
The computed stresses should be less than stress limits provided in ACI 318-99 (Section 
18.4.2) and the stress limits are summarized as follows: 
(a) Extreme fiber stress in compression due to prestress plus sustained loads ⋅⋅⋅⋅⋅⋅⋅⋅⋅ 0.45fc’ 
(b) Extreme fiber stress in compression due to prestress plus total loads ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ 0.60fc’ 
(c) Extreme fiber stress in tension in precompressed tensile zone ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ '6 cf  
 
5.4.1.2 Flexural Strength  
Flexural strength calculation of three-wythe panels is similar to that of other prestressed 
concrete flexural members.  The equivalent rectangular stress distribution can be used for 
computing nominal flexural strength of the panel.  Then, the design strength, φMn, is compared 
with the factored load, Mu, as follows:  
 
un MM >φ         (5.8) 
 
where the strength reduction factor, φ, is 0.9 for flexure. 
 
5.4.1.3 Abrupt Failure of the Panel  
In prestressed sandwich panels, due to the high level of prestress, the cracking strength 
may be sufficiently high so that the flexural strength is reached shortly after cracking.  Such a 
failure occurs abruptly without warning.  This abrupt flexural failure is prevented by making the 
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flexural strength of the panel, φMn, exceed 1.2 times the cracking moment, Mcr, as shown in 
Equation 5.9 (ACI 318-99, Section 18.8.3). 
 
crn MM 2.1>φ         (5.9) 
 
In order to satisfy Equation 5.9, supplemental longitudinal reinforcement can be added.  
This additional reinforcement increases the flexural strength, allowing considerable cracking and 
deflection to occur prior to failure to warn that the member nominal strength is being 
approached. 
 
In Equation 5.9, the cracking strength of the panel, Mcr, is computed by equating the 
flexural stress of an extreme tension fiber to modulus of rupture of Equation 5.3.  In other words, 
equating the Equations 5.7 to 5.3, and then rewriting it with respect to M: 
 
( )
c
IffM ceccr   '5.7 −=       (5.10) 
 
5.4.2 Horizontal Shear Design 
Typical sandwich wall panels are very flexible, and panel design is generally controlled 
by flexure and not by shear.  However, for composite panels in which three-wythe panels would 
be classified, horizontal shear of the panel has to be carried between concrete wythes and enough 
strength should be provided.  If a horizontal shear failure occurs in a panel, then that would lead 
to a loss of composite action of the panel and an earlier flexural failure can occur.  Therefore, 
sufficient strength needs to be provided to ensure horizontal shear transfer between wythes.   
 
In three-wythe panels, horizontal shear force between wythes is transferred by solid 
concrete regions which continue from back wythe to face wythe, M-ties, and bond action 
between concrete wythe and insulation board.  However, as described in Chapter 2, panel 
composite action is dominant through solid concrete region, and the other contributions such as 
M-ties and the bond action are small (Mlynarczyk and Pessiki, 2000).  Therefore, the concrete 
region is assumed to transfer all of horizontal shear in the panel, and horizontal shear strength of 
this concrete region is checked. 
 
According to ACI 318-99 (Section 17.5.2), the design of cross sections subjected to 
horizontal shear is based on following equation: 
 
unh VV > φ         (5.11) 
 
where Vnh is nominal horizontal shear strength, and Vu is factored shear force.  The strength 
reduction factor, φ, is 0.85 for shear. 
 
5.4.2.1 Horizontal Shear Strength  
Computation of horizontal shear strength, Vnh, requires potential failure modes to be 
determined.  Once the potential failure modes are determined, shear strength can be computed 
using ACI 318-99.  Figure 5.2 shows several possible horizontal shear failure modes in two- and 
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three-wythe panels.  Panel cross-sections for each two- and three-wythe panels are shown in the 
figure, and failure surface is indicated with a solid line. 
 
For the two-wythe panel, the concrete area changes significantly at the insulation layer, 
and higher shear stress would occur in this region.  Therefore, a possible horizontal failure mode 
of the panel would be as shown as Figure 5.2(a). 
 
For three-wythe panels, determining potential failure modes is not as simple as for the 
two-wythe panel.  Figure 5.2(b) shows three possible horizontal shear failure modes of a three-
wythe panel which has one concrete rib at the top insulation layer, and two ribs at the bottom 
insulation layer.  This panel is a Configuration I panel as shown in Figure 2.2(a).  These three 
possible failure modes can be explained using the shear flow in the panel. 
 
Figure 5.3 shows shear flow of a wide-flange beam and the three-wythe panel.  Both the 
wide-flange beam and the three-wythe panel have a similar section geometry.  When the three-
wythe panel behaves as a composite panel, the shear flow of the panel would be similar to that of 
a wide-flange beam.  As a result, maximum shear stress occurs at either section a-a or b-b where 
the shear flow is large and concrete wythe is thin.  Also, the third case of section c-c is 
considered as a critical section.  If enough concrete is provided, shear stress is low so that section 
c-c cannot be a critical section.  However, a separation of each concrete wythe can be induced 
due to cold joint which may form during manufacturing process, and section c-c can be 
considered as a critical section. 
 
Once the failure modes are determined, the horizontal shear strength, Vnh, in Equation 5.1 
can be computed.  Four different strength calculation methods can be considered as follows: (a) 
unreinforced concrete shear strength of 80 psi, (b) shear friction theory, (c) modified shear 
friction equation, and (d) composite member horizontal shear strength calculation.  These four 
different shear calculation methods are compared later in this report with experimental data, and 
the proper calculation method for three-wythe panels is recommended.   
 
For case (a), assuming strength of unreinforced concrete as 80 psi, the horizontal shear 
strength, Vnh, can be computed using Equation 5.12 (ACI 318-99, Section 17.5.2.1). 
  
cnh AV 80=         (5.12) 
 
where Vnh is in units of lbs., and Ac is total area of concrete resisting horizontal shear in units of 
in2. 
 For case (b), shear friction calculation of Equation 5.13 can be used to compute the 
horizontal shear strength of the panel (ACI 318-99, Section 11.7.4). 
 
µyvfnh fAV =         (5.13) 
 
where Avf is the total area of shear friction reinforcement, in units of in2, and fy is yield strength 
of the reinforcement.  µ is a friction coefficient (1.4 for concrete placed monolithically).  The 
Equation 5.13 is applicable when shear friction reinforcement is perpendicular to the shear plane.    
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 For case (c), modified shear friction method of Equation 5.14 can be used to compute the 
horizontal shear strength of the panel.  According to ACI 318-99 (Commentary R11.7.3), the 
Equation 5.13 gives a conservative prediction of shear transfer strength, and the modified shear 
friction method gives a closer estimate of the shear transfer strength. 
  
18.0 KAfAV cyvfnh +=        (5.14) 
 
where K1=400 psi for normal weight concrete.  Equation 5.14 is only applicable when shear 
friction reinforcement is perpendicular to the shear plane.  When using Equation 5.14, the terms 
(Avf fy/Ac) should not be less than 200 psi for the design equation to be valid. 
 
In Equation 5.14, the first term represents the contribution of friction to shear transfer 
resistance.  The second term represents the sum of the resistance to shearing of protrusions on 
the crack faces and the dowel action of the reinforcement.   
 
 Finally, case (d) of composite member horizontal shear strength calculation can be used 
as Equation 5.15 (ACI 318-99, Section 17.5.2.3). 
  ( ) bdfV yvnh λρ   6.0260 +=       (5.15) 
 
where ρv is the ratio of shear reinforcement area to area of contact surface, λ is the correction 
factor related to unit weight of concrete (1.0 for normal weight concrete), and bd is the area of 
the concrete.  In order to apply the Equation 5.15, minimum reinforcement should be provided 
according to ACI 318-99 (Section 17.6).  
 
5.4.2.2 Horizontal Shear Force  
The factored horizontal shear force, Vu, in Equation 5.11 can be computed in two ways.  
One way is to compute the shear force at the section considered due to factored loads, and the 
other way is to determine the shear force by computing the actual change in compressive or 
tensile force in any segment.  The former needs to consider a load factor for the factored shear 
force, but the latter does not need to consider it.  
 
The former horizontal shear force at factored loads is computed using mechanics of 
materials.  The horizontal shear force, Vu, is: 
 
e
c
u PI
QMV ∆+∆= )(        (5.16) 
 
where ∆M is the change in moment across the shear span, Q is the first moment of inertia of the 
composite section, Ic is moment of inertia of the composite panel, and ∆Pe is transferred prestress 
force along with a critical section.  The shear span is taken as a half of the clear span of the 
panel.  
 
From Equation 5.16, the second term, ∆Pe, is due to the prestress force, and this is added 
unless all concrete wythes are uniformly prestressed.  In three-wythe panels, either one or two 
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concrete wythes can be prestressed.  In such a case, a prestressed wythe would have relatively 
high prestress locally at the end of the panel, but eventually uniform prestress would be achieved 
at some distance from the end of the panel.  As a result, prestress force is transferred from a 
prestressed concrete wythe to an unprestressed concrete wythe by concrete shear.  This 
transferred prestress force carried by concrete shear should be added in horizontal shear force 
calculation.  As an example, when the center wythe is only prestressed in a three-wythe panel, 
transferred prestress force, ∆Pe, is equal to Pe/3.  
 
As an alternative way, the horizontal shear force is computed using the actual change in 
compressive and tensile force in any segments as Equation 5.17.  C is compressive and T is 
tensile force for each segment.  The horizontal shear force, Vu, is taken as minimum value 
between the compressive and tensile force. 
 
),min( TCVu =         (5.17) 
 
5.4.3 Deflection  
It is necessary to impose certain controls on deflections of panels in order to ensure 
serviceability.  Unlike the usual concrete beam resisting dead load and live load, cladding panels 
resist wind load.  Thus, only immediate deflection of the panel needs to be considered due to 
wind load, and long term deflection can be neglected because panel resists small sustained load 
of self-weight.  
 
Deflection limitations for two-wythe panels can be applied to three-wythe panels.  As 
shown in Table 5.2, which is adopted from ACI Committee 533 Report, for cladding wall panels, 
deflections are limited to L/480, but not greater than 0.75 in.  Again, these limitations are not 
followed in current practice as described earlier.   
 
5.4.4 Connection Design 
 The connection design of three-wythe panels would be similar to that of two-wythe 
panels.  The connections should be designed for adequate strength and appropriately detailed 
with considerations of load-transfer path.  In this study, the connection design is beyond the 
scope of work, and it was excluded.  Further information can be found in PCI Design Handbook 
and PCI Committee Report. 
 
5.4.5 Additional Design Considerations 
As additional design considerations, panels should be designed to have adequate strength 
for stripping, shipping, and handling.  Selection of lifting locations, stress checks for panel 
handling, and panel supporting conditions during storage need to be checked.  In addition, panel 
erection and bracing during installation also need to be considered according to design codes.  
The design of precast concrete wall panels is often controlled by the above loading cases, and 
panels need to be checked to satisfy requirements in design codes.  
 
Bowing in sandwich panels is common, and it needs to be considered in design of 
exterior composite panels.  The bowing is deflection caused by differential wythe shrinkage, 
creep, elastic modulus, and thermal gradients through the panel thickness.  Thermal bowing by 
the differential thermal gradient has been found as a major factor in bowing.  However, the 
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bowing is still complicated and controversial topic, and this bowing effect in three-wythe panels 
was neglected in the report. 
 
5.5 DESIGN AND COMPARISON OF TWO- AND THREE-WYTHE PANELS 
Two- and three-wythe panels are designed according to the design procedures described 
in Sections 5.3 and 5.4.  In this section, a series of two- and three-wythe panels are designed for 
the same set of requirements, and the resulting designs are compared to gain insight in to the 
anticipated performance of the three-wythe panel as compared to the two-wythe panel.  
 
For two-wythe panels, the 3-2-3 panel shown in Figure 2.1(a) is considered, and this 
panel is assumed to behave as a composite panel.  The panel is 12 ft. wide, and both face and 
back wythes are assumed to be prestressed with same prestress force. 
 
Three-wythe panels are also assumed to behave as a composite panel.  This assumption is 
made because each concrete wythe is connected by solid concrete regions.  Thus, in this design 
study, all design calculations for the three-wythe panels are based on the composite section.  The 
validity of the assumption of composite behavior is addressed in Chapters 6 and 9. 
 
For three-wythe panels, panels having the Configuration I shown in Figure 2.2(a) are 
investigated.  The panels are 12 ft. wide and have one 2 ft. wide concrete rib between face and 
center wythes and two 1 ft. wide concrete ribs between center and back wythes.  Panels having 
various thickness combinations are investigated, and two locations of prestress were considered 
for the three-wythe panels.  In the first case, all of the prestress strands are placed in the center 
wythe (hereafter referred to as PCW).  In the second case, all of the prestress strands are placed 
in equal amounts in the face and back wythes (hereafter referred to as PFBW).  In both cases, all 
three wythes are intended to be prestressed as the prestress force is transferred between wythes.  
 
For both two- and three-wythe panels, all prestress strands are 270k-7/16 in. diameter 
strands.  They are assumed to be pulled with 70% of their maximum strength, and prestress 
losses are assumed to be 15%.  Material properties for concrete, insulation, and prestressing steel 
are as given in Section 5.2.2. 
 
5.5.1 Two-wythe Panels 
Table 5.3 summaries the design of a series of 3-2-3 panels.  In short, the table summaries 
the capabilities of the panel as the number of strand varies from 4 to 32. 
 
As an example, when the panel has 12 prestress strands, the effective prestress force, Pe, 
is 222 kips.  Dividing this prestress by the panel area, the effective prestress, fce, is 257 psi.  
Based on the panel cross-section and strand area, moment capacities of 1.2 times cracking 
moment, 1.2Mcr, design flexural strength, φMn, and the controlling moment based on the 
allowable stresses, Mf, are computed as described in Section 5.4.1 and the results are shown in 
the table.  Next, maximum panel span limits are computed based on the moment capacities, and 
these are computed using a uniform wind load of 32 psf over a panel span as described in Section 
5.2.1.  Also shown in Table 5.3 are longitudinal and transverse reinforcements required to satisfy 
design codes.  The longitudinal reinforcement was computed from the abrupt failure design 
requirements described in Section 5.4.1, and the horizontal reinforcement was computed from 
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the shear friction theory described in Section 5.4.2.  Note that the span limits shown for the φMn 
criterion do not include the contribution of the mild steel longitudinal reinforcement to the design 
flexural strength φMn. 
 
It is noted here that not every panel presented in Table 5.3 is a practical design.  The table 
is used to indicate the capabilities of the panel as the number of strand is varied for the given 
cross-section. 
 
Maximum span limits of the two-wythe panel shown in Table 5.3 are plotted in Figure 
5.4.  The plot shows the relationship of the maximum span limits from the 1.2Mcr, φMn, and Mf 
with respect to the number of strands.  Again, the values plotted for φMn do not include the 
contribution of the mild steel longitudinal reinforcement to the design flexural strength φMn. 
 
5.5.2 Three-wythe Panels 
Tables 5.4 through 5.9 summarizes the design of the three-wythe panels.  Six different 
panel thicknesses are considered: 2-1-2-1-2; 2-1-3-1-2; 3-1-3-1-3; 2-2-2-2-2; 2-2-3-2-2; and 3-2-
3-2-3.  For each panel thickness, two different locations of prestress of PCW and PFBW cases 
are considered.  The format of Tables 5.4 through 5.9 is similar to Table 5.3 for the two-wythe 
panel.   
 
Figures 5.5 through 5.10 show maximum span limits for the three-wythe panels.  The 
maximum span limits from 1.2Mcr, φMn, and Mf shown in Tables 5.4 through 5.9 are plotted with 
respect to the number of strands using the same format as for Figure 5.3 for the two-wythe panel. 
 
5.5.3 Spanning Capabilities 
5.5.3.1 Comparison of Two- and Three-wythe Panels 
As shown in Figures 5.4 through 5.10, an increase in the number of strands increases the 
spanning capabilities of both the two- and three-wythe panels.  An increase in the number of 
strands increases both the prestress and the area of reinforcement area in the panel.  Therefore, 
1.2Mcr, φMn, and Mf all increase, and the maximum span limits increase.   
 
All panel spanning capability plots exhibit similar features for both the two- and three-
wythe panels.  When panels have a small number of strands, φMn is smaller than 1.2Mcr, but 
when panels have a relatively large number of strands, φMn is larger than 1.2Mcr.  This is because 
the flexural strength increases more rapidly than the cracking strength as strands are added to a 
given panel section.  As discussed earlier, abrupt failure of the panel is prevented by ensuring 
that φMn is always higher than 1.2Mcr.  This is accomplished by adding longitudinal 
reinforcement, and this additional required longitudinal reinforcement is explained in Section 
5.5.5.1. 
 
If φMn is increased to 1.2Mcr by adding longitudinal reinforcement, the stress limits 
control the spanning capability of the panels as shown in Figures 5.4 through 5.10.  This is true 
for both the two-wythe panels, and also for the three-wythe panels.  The stress limit that extreme 
fiber tension is limited to 6 'cf  at full service load controls the panel spanning capability for 
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current panel geometry of composite two- and three-wythe panels unless partial prestress is 
allowed (in which case, the extreme fiber tension is limited to 12 'cf  at full service load). 
 
5.5.3.2 Location of Prestress  
 As shown in Figure 5.5 for the 2-1-2-1-2 panel, the spanning capabilities for three-wythe 
panels are same for two different locations of prestress of PCW and PFBW cases.  This is 
because, as described, all span limits are governed by the stress limits.  As a result, regardless of 
the locations of prestress, spanning capabilities are controlled by prestress level of the panel. 
 
Design flexural strengths are approximately the same for different locations of prestress 
as shown in Tables 5.4 through 5.9.  This is explained as follows.  For the PCW case, all 
prestress strands are located in the center wythe so that the moment lever arm for internal force is 
less than half of the panel thickness.  On the other hand, for the PFBW case, only half of the 
strands act in tension in bending, but moment lever arm is almost twice that of the PCW case.  
As a result, both locations of prestress lead on a similar flexural strength. 
 
5.5.3.3 Panel Thickness Variation 
A summary of the spanning capabilities of all panels is shown in Figure 5.11.  Because 
the maximum spanning capabilities for all panels are controlled by stress limits only, the 
maximum panel spans from the stress limits are plotted in Figure 5.11.   
 
 As shown in Figure 5.11, a longer panel span is obtained with increased panel thickness.  
This is because the moment of inertia increases with panel thickness.  The increased panel 
thickness can be obtained by increasing either concrete or insulation layer thickness.   
 
Increasing the outer wythe thicknesses is more efficient way to increase spanning 
capabilities as compared to increasing the center wythe thickness.  As an example, increasing the 
center wythe thickness of a 2-1-2-1-2 panel by 1 in. to create a 2-1-3-1-2 panel results in a 
7~10% maximum span increase.  On the other hand, increasing the outer wythe thickness of a 2-
1-2-1-2 panel by 1 in. to create a 2.5-1-3-1-2.5 panel results in a 10~13% maximum span 
increase.   
 
5.5.4 Deflection of Panels  
 Figure 5.12 compares the midspan deflection of two- and three-wythe panels under the 
action of the full service load.  All deflections are computed assuming a simply supported panel 
with 32 psf uniform service load, and only elastic panel behavior was considered.  Depending on 
the prestress of the panels, cracks or material non-linearity of the panel may occur, but these 
were ignored.  Deflections of composite and non-composite 3-2-3 panels are plotted for two-
wythe panels, and for three-wythe panels, four different panel thicknesses are plotted.  All three-
wythe panels are assumed to behave as composite panels here.  Superimposed on the deflection 
plots are two deflection limitations: L/480 and 0.75 in. obtained from the ACI Committee 533 
Report. 
 
As shown in Figure 5.12, spanning capabilities of the panels change depending on which 
deflection limitation is applied.  When applying the L/480 deflection limitation, the composite 3-
2-3 panel is limited to a 43 ft. span, and the 3-2-3-2-3 panel can be used up to a 67 ft. span.  On 
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the other hand, when the 0.75 in. deflection limit is applied, then the panel span is limited to 38 
ft. for the composite 3-2-3 panel and 55 ft. for the 3-2-3-2-3 panel.  As a result, applying the 
L/480 deflection limitation gives the longer panel spanning capabilities than applying 0.75 in. 
deflection limitation.  This is true for the panel longer than 30 ft. and opposite situation is 
obtained for the panel shorter than 30 ft.  
 
Limiting the maximum panel deflection to 0.75 in. greatly limits the range over which the 
three-wythe panel may be used.  For a 55 ft. span panel, the 0.75 in. midspan deflection is equal 
to L/880 and this is much smaller than L/480 of maximum permissible deflection for roof and 
floor construction given by ACI 318-99.  Thus the 0.75 in. deflection limit may be too 
conservative for three-wythe panels.   
 
As an aside, as shown in Figure 5.12, composite behavior of the panel significantly 
affects the midspan deflection.  Midspan deflection of the non-composite 3-2-3 panel is much 
larger than that of the composite 3-2-3 panel with a same span length.  Therefore, for longer 
panel spanning capabilities, the composite behavior of the panel should be provided so that entire 
section can act together for resisting bending.  From this sense, three-wythe panel may be 
suitable for longer span panels. 
 
5.5.5 Reinforcement Calculation 
5.5.5.1 Longitudinal Reinforcement 
Required longitudinal reinforcement was computed using Equation 5.9 for all panels.  
Longitudinal reinforcement is assumed to be placed in all concrete wythes evenly with same 
steel area.  The yield strength of reinforcement was assumed as 60 ksi.  The results of the 
required longitudinal reinforcement are included in Tables 5.3 through 5.9, and they are total 
values per panel.   
 
Figure 5.13 shows the relationship of effective prestress force, fce, versus required steel 
area for 3-2-3, 2-1-2-1-2, and 3-2-3-2-3 panels selected from Tables 5.3, 5.4, and 5.9.  To 
compare different panel geometries, the required longitudinal reinforcement was plotted with 
respect to the effective prestress force instead of the number of strands.  Considering that the 
effective prestress force of a panel is in a range of 150 psi up to 600 psi as described in Section 
5.3, the required steel area is small as shown in Figure 5.13.  For example, when the effective 
prestress of the panels is 225 psi, the required steel areas are approximately 1.3, 2.1, and 3.0 in2 
for 2-1-2-1-2, 3-2-3-2-3, and 3-2-3 panels, respectively.  Dividing these steel area values by each 
panel area, the reinforcement ratios are 0.0014, 0.0015, and 0.0035.   
 
According to the producers consulted with, it was found that panels below the effective 
prestress of 225 psi are often used.  For these cases where relatively a large amount of 
longitudinal reinforcement is required, it would be better to increase prestress strand area with 
reducing the effective prestress to get same prestress force.  
 
Note that, if the panel does not behave in composite manner which is assumed in the 
longitudinal reinforcement calculation here, cracking and flexural strengths of the panel would 
vary, and the required reinforcement area would vary too. 
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5.5.5.2 Transverse Reinforcement 
As described in Section 5.4.2, panels should have enough strength to transfer the 
horizontal shear between wythes.  In this section, the required transverse reinforcement is 
calculated using the horizontal shear strength calculations described earlier (Equations 5.13 
through 5.15). 
 
For the results presented here, failure mode 1 in Figure 5.2(b) is assumed, and the 
maximum panel span from the stress limit is used as a panel span.  The shear force to be resisted 
is computed using Equation 5.17.  The additional longitudinal reinforcement described in Section 
5.5.5.1 is included as part of the tensile force in this calculation.  The yield strength of 
reinforcement was assumed as 60 ksi.  Tables 5.3 through 5.9 show the required transverse 
reinforcement area computed using the shear friction method (Equation 5.13). 
 
Figure 5.14 shows the relationship of number of strands versus required transverse 
reinforcement area computed from Equations 5.13 to 5.15.  Two types of 2-1-2-1-2 and 3-2-3-2-
3 panels are considered, and only the case of prestress strands placed in the center wythe was 
considered.  In Figure 5.14, solid markers are results obtained from each strength equation 
(Equations 5.13 through 5.16), and unfilled markers are results limited by minimum requirement 
for applying each equation. 
 
As shown in Figure 5.14, different reinforcement area is obtained from each shear 
strength calculation.  For instance, for Figure 5.14(a) (2-1-2-1-2 panel), Equation 5.15 estimates 
the largest required transverse reinforcement area, and Equation 5.14 estimates the smallest 
reinforcement area.  The opposite situation is obtained in Figure 5.14(b) (3-2-3-2-3 panel) where 
Equation 5.15 estimates the smallest required reinforcement area. 
 
Comparing Figure 5.14(a) with 5.14(b), Equation 5.13 (shear friction method) estimates 
similar transverse reinforcements for both the 2-1-2-1-2 and 3-2-3-2-3 panels.  In this method, 
the clamping force provided by the transverse reinforcement provides the shear resistance.  The 
area of concrete across the shear interface (i.e. the thickness of the center wythe for the failure 
mode considered) is unimportant.  In contrast, Equations 5.14 and 5.15 estimate smaller 
transverse reinforcement area for the 3-2-3-2-3 panel as compared to the 2-1-2-1-2 panel.  This is 
because concrete shear area contributes to the shear resistance in Equations 5.14 and 5.15.  The 
shear strength provided by the concrete area is greater in the 3-2-3-2-3 panel as compared to the 
2-1-2-1-2 panel due to the increased concrete shear area (i.e. thickness of the center wythe).  
 
Comparing results of Equations 5.14 and 5.15, Equation 5.14 estimates less 
reinforcement than Equation 5.15 in Figure 5.14(a), and this relationship is opposite in Figure 
5.14(b).  From Equation 5.15, substituting λ=1 and bd=Ac, then, Vnh=260 Ac + 0.6 Avf fy.  This is 
similar to Equation 5.14 and less shear strength is obvious.  This agrees with the results of Figure 
5.14(a).  However, as shown in Figure 5.14(b), Equation 5.15 estimates less reinforcement than 
Equation 5.14.  This is because minimum requirement controls the Equation 5.14.  Both 
Equations 5.14 and 5.15 have different minimum reinforcement requirements, and it can be seen 
that transverse reinforcement of 3-2-3-2-3 panel is limited by these minimum reinforcement 
requirements.  
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In Chapter 7, the 2-1-2-1-2 panel in Figure 5.14(a) is actually designed as a test panel for 
lateral load tests.  Shear strength calculation described in Section 5.4.2 is applied to check the 
strength of the panel, and a comparison between the shear strength calculations described here 
and the experimental results is given in Chapter 9.  
 
5.6 CONCLUSIONS 
The major conclusions based on the design studies presented in this chapter are as follows. 
 
1. Three-wythe panels can be designed using current design codes.  Detailed design 
considerations are described in this chapter, and an example of the design of a three-
wythe panel is presented in Appendix A. 
2. In general, three-wythe panels have longer spanning capabilities as compared to two-
wythe panels.  An increase in the number of strands increases both prestress and 
reinforcement area in the panel, and the maximum span limits increase accordingly. 
3. From the flexural design of a panel, the stress limit in tension of 6 'cf  at full service 
load controls the panel spanning capability for current composite two- and three-wythe 
panels treated in this report once the design flexural strength is larger than 1.2 times the 
cracking moment.  
4. The amount of longitudinal reinforcement that must be provided in order to prevent 
abrupt flexural failure is small for practical panels. 
5. Three-wythe panels should have enough strength to transfer the horizontal shear between 
wythes.  Several different design calculations can be applied to determine horizontal 
shear strength, and depending on which shear strength calculation is used, different 
transverse reinforcement areas are obtained. 
6. Composite behavior of the panel significantly affects the midspan deflection.  To achieve 
longer panel spans, composite behavior of the panel should be provided so that entire 
section can act together to resist bending.  From this perspective, the three-wythe panel 
may be suitable.  
7. Spanning capabilities of the three-wythe panels vary depending on which deflection 
limitation is applied.  Limiting the maximum panel deflection to 0.75 in. greatly limits 
the range over which the three-wythe panel may be used as compared to the deflection 
limit of L/480.   
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h (1) ≤ 60 ft h (1) > 60 ft 
 
p = qh [ (GCp) - (GCpi) ] 
 
   qh : Velocity pressure evaluated at mean roof 
         height h using corresponding exposure  
         defined in ASCE 7-98 
   GCp : External pressure coefficient 
   GCpi : Internal pressure coefficient 
 
p = q (GCp) – qi (GCpi) 
 
   q : qz or qh as defined in ASCE 7-98 
   qi : qz or qh as defined in ASCE 7-98 
   GCp : External pressure coefficient 
   GCpi : Internal pressure coefficient 
      (1) h: mean roof height 
 
   Table 5.1 Design wind pressure, p, calculation from ASCE 7-98. 
 
 
Type of member Deflection to be considered Deflection limitation 
Load bearing precast 
wall panel 
Immediate deflection due to combined 
effects of prestress, if any, self weight, 
and superimposed dead load. 
 
Immediate deflection due to live load. 
 
L/240 but not 
greater than ¾ in. 
 
L/360 but not 
greater than ¾ in. 
Non-load-bearing 
precast wall panel 
elements likely to be 
damaged by large 
deflection 
That part of the total deflection after the 
installation of the non-load-bearing 
element (the sum of the long time 
deflection due to all sustained load and 
the immediate deflection due to live 
load. 
L/480 but not 
greater than ¾ in. 
 
 
 
 
   Table 5.2 Deflection limits for precast wall panels from ACI Committee 533 Report (1996). 
 
 80
T
w
o-
w
yt
he
 p
an
el
 (3
-2
-3
)
C
on
cr
et
e 
ar
ea
 A
 =
86
4
in
2
M
om
en
t o
f i
ne
rti
a 
I =
60
48
in
4
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
86
12
09
36
1
83
2
40
.2
21
.9
38
.0
N
o
46
-#
3
55
-#
3
8
14
8
17
1
13
64
71
6
96
1
42
.7
30
.9
40
.9
N
o
36
-#
3
62
-#
3
12
22
2
25
7
15
20
10
66
10
91
45
.0
37
.7
43
.5
N
o
24
-#
3
68
-#
3
16
29
6
34
2
16
75
14
10
12
20
47
.3
43
.4
46
.0
N
o
16
-#
3
77
-#
3
20
36
9
42
8
18
30
17
49
13
49
49
.4
48
.3
48
.4
N
o
6-
#3
85
-#
3
24
44
3
51
3
19
85
20
83
14
79
51
.5
52
.7
50
.7
Y
es
-
95
-#
3
28
51
7
59
9
21
40
24
11
16
08
53
.5
56
.7
52
.8
Y
es
-
11
1-
#3
32
59
1
68
4
22
96
27
33
17
37
55
.4
60
.4
54
.9
Y
es
-
12
7-
#3
 T
ab
le
 5
.3
  D
es
ig
n 
su
m
m
ar
y 
of
 3
-2
-3
 p
an
el
.
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
81
T
hr
ee
-w
yt
he
 p
an
el
 (2
-1
-2
-1
-2
)
C
on
cr
et
e 
ar
ea
 A
 =
91
2
in
2
M
om
en
t o
f i
ne
rti
a 
I =
55
84
in
4
a)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 c
en
te
r w
yt
he
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
81
11
09
43
6
76
2
38
.5
24
.1
36
.4
N
o
33
-#
3
35
-#
3
8
14
8
16
2
12
45
85
1
87
5
40
.8
33
.7
39
.0
N
o
21
-#
3
44
-#
3
12
22
2
24
3
13
80
12
44
98
8
42
.9
40
.8
41
.4
N
o
9-
#3
53
-#
3
16
29
6
32
4
15
16
16
13
11
01
45
.0
46
.4
43
.7
Y
es
-
64
-#
3
20
36
9
40
5
16
52
19
60
12
14
47
.0
51
.2
45
.9
Y
es
-
80
-#
3
24
44
3
48
6
17
88
22
82
13
28
48
.9
55
.2
48
.0
Y
es
-
95
-#
3
28
51
7
56
7
19
23
25
77
14
41
50
.7
58
.7
50
.0
Y
es
-
11
1-
#3
32
59
1
64
8
20
59
28
46
15
54
52
.4
61
.6
51
.9
Y
es
-
12
7-
#3
b)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 fa
ce
 a
nd
 b
ac
k 
w
yt
he
s
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
81
11
09
38
9
76
2
38
.5
22
.8
36
.4
N
o
36
-#
3
29
-#
3
8
14
8
16
2
12
45
77
2
87
5
40
.8
32
.1
39
.0
N
o
24
-#
3
30
-#
3
12
22
2
24
3
13
80
11
50
98
8
42
.9
39
.2
41
.4
N
o
12
-#
3
31
-#
3
16
29
6
32
4
15
16
15
22
11
01
45
.0
45
.1
43
.7
Y
es
-
32
-#
3
20
36
9
40
5
16
52
18
89
12
14
47
.0
50
.2
45
.9
Y
es
-
40
-#
3
24
44
3
48
6
17
88
22
50
13
28
48
.9
54
.8
48
.0
Y
es
-
48
-#
3
28
51
7
56
7
19
23
26
06
14
41
50
.7
59
.0
50
.0
Y
es
-
56
-#
3
32
59
1
64
8
20
59
29
57
15
54
52
.4
62
.8
51
.9
Y
es
-
64
-#
3
 T
ab
le
 5
.4
  D
es
ig
n 
su
m
m
ar
y 
of
 2
-1
-2
-1
-2
 p
an
el
.
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
82
T
hr
ee
-w
yt
he
 p
an
el
 (2
-1
-3
-1
-2
)
C
on
cr
et
e 
ar
ea
 A
 =
10
56
in
2
M
om
en
t o
f i
ne
rti
a 
I =
77
68
in
4
a)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 c
en
te
r w
yt
he
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
70
13
48
49
2
92
3
42
.4
25
.6
40
.0
N
o
36
-#
3
36
-#
3
8
14
8
14
0
14
93
96
3
10
44
44
.7
35
.9
42
.6
N
o
24
-#
3
46
-#
3
12
22
2
21
0
16
38
14
11
11
65
46
.8
43
.4
45
.0
N
o
12
-#
3
55
-#
3
16
29
6
28
0
17
83
18
37
12
85
48
.8
49
.5
47
.2
Y
es
-
64
-#
3
20
36
9
35
0
19
28
22
40
14
06
50
.7
54
.7
49
.4
Y
es
-
80
-#
3
24
44
3
42
0
20
73
26
20
15
27
52
.6
59
.1
51
.5
Y
es
-
95
-#
3
28
51
7
49
0
22
18
29
74
16
48
54
.4
63
.0
53
.5
Y
es
-
11
1-
#3
32
59
1
56
0
23
63
33
01
17
69
56
.2
66
.4
55
.4
Y
es
-
12
7-
#3
b)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 fa
ce
 a
nd
 b
ac
k 
w
yt
he
s
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
70
13
48
44
4
92
3
42
.4
24
.4
40
.0
N
o
39
-#
3
30
-#
3
8
14
8
14
0
14
93
88
4
10
44
44
.7
34
.3
42
.6
N
o
27
-#
3
31
-#
3
12
22
2
21
0
16
38
13
17
11
65
46
.8
41
.9
45
.0
N
o
15
-#
3
33
-#
3
16
29
6
28
0
17
83
17
46
12
85
48
.8
48
.3
47
.2
N
o
3-
#3
34
-#
3
20
36
9
35
0
19
28
21
68
14
06
50
.7
53
.8
49
.4
Y
es
-
40
-#
3
24
44
3
42
0
20
73
25
86
15
27
52
.6
58
.8
51
.5
Y
es
-
48
-#
3
28
51
7
49
0
22
18
29
98
16
48
54
.4
63
.3
53
.5
Y
es
-
56
-#
3
32
59
1
56
0
23
63
34
04
17
69
56
.2
67
.4
55
.4
Y
es
-
64
-#
3
 T
ab
le
 5
.5
  D
es
ig
n 
su
m
m
ar
y 
of
 2
-1
-3
-1
-2
 p
an
el
.
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
83
T
hr
ee
-w
yt
he
 p
an
el
 (3
-1
-3
-1
-3
)
C
on
cr
et
e 
ar
ea
 A
 =
13
44
in
2
M
om
en
t o
f i
ne
rti
a 
I =
14
99
2
in
4
a)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 c
en
te
r w
yt
he
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
55
20
80
60
4
14
17
52
.7
28
.4
49
.6
N
o
51
-#
3
45
-#
3
8
14
8
11
0
22
60
11
86
15
67
54
.9
39
.8
52
.2
N
o
39
-#
3
54
-#
3
12
22
2
16
5
24
40
17
47
17
16
57
.1
48
.3
54
.6
N
o
27
-#
3
63
-#
3
16
29
6
22
0
26
20
22
85
18
66
59
.1
55
.2
56
.9
N
o
12
-#
3
70
-#
3
20
36
9
27
5
28
00
28
01
20
16
61
.1
61
.2
59
.2
Y
es
-
80
-#
3
24
44
3
33
0
29
79
32
94
21
66
63
.1
66
.3
61
.3
Y
es
-
95
-#
3
28
51
7
38
5
31
59
37
62
23
16
65
.0
70
.9
63
.4
Y
es
-
11
1-
#3
32
59
1
44
0
33
39
42
06
24
66
66
.8
74
.9
65
.4
Y
es
-
12
7-
#3
b)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 fa
ce
 a
nd
 b
ac
k 
w
yt
he
s
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
55
20
80
52
8
14
17
52
.7
26
.6
49
.6
N
o
54
-#
3
39
-#
3
8
14
8
11
0
22
60
10
51
15
67
54
.9
37
.5
52
.2
N
o
43
-#
3
40
-#
3
12
22
2
16
5
24
40
15
69
17
16
57
.1
45
.8
54
.6
N
o
30
-#
3
41
-#
3
16
29
6
22
0
26
20
20
81
18
66
59
.1
52
.7
56
.9
N
o
22
-#
3
44
-#
3
20
36
9
27
5
28
00
25
88
20
16
61
.1
58
.8
59
.2
N
o
9-
#3
45
-#
3
24
44
3
33
0
29
79
30
89
21
66
63
.1
64
.2
61
.3
Y
es
-
48
-#
3
28
51
7
38
5
31
59
35
85
23
16
65
.0
69
.2
63
.4
Y
es
-
56
-#
3
32
59
1
44
0
33
39
40
75
24
66
66
.8
73
.8
65
.4
Y
es
-
64
-#
3
 T
ab
le
 5
.6
  D
es
ig
n 
su
m
m
ar
y 
of
 3
-1
-3
-1
-3
 p
an
el
.
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
84
T
hr
ee
-w
yt
he
 p
an
el
 (2
-2
-2
-2
-2
)
C
on
cr
et
e 
ar
ea
 A
 =
96
0
in
2
M
om
en
t o
f i
ne
rti
a 
I =
99
20
in
4
a)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 c
en
te
r w
yt
he
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
77
15
66
54
8
10
75
45
.7
27
.1
43
.2
N
o
39
-#
3
38
-#
3
8
14
8
15
4
17
50
10
75
12
28
48
.3
37
.9
46
.2
N
o
27
-#
3
47
-#
3
12
22
2
23
1
19
33
15
79
13
80
50
.8
45
.9
49
.0
N
o
15
-#
3
56
-#
3
16
29
6
30
8
21
16
20
61
15
33
53
.2
52
.5
51
.6
N
o
3-
#3
65
-#
3
20
36
9
38
5
22
99
25
21
16
86
55
.4
58
.0
54
.1
Y
es
-
80
-#
3
24
44
3
46
2
24
83
29
57
18
38
57
.6
62
.8
56
.5
Y
es
-
95
-#
3
28
51
7
53
9
26
66
33
69
19
91
59
.7
67
.1
58
.8
Y
es
-
11
1-
#3
32
59
1
61
6
28
49
37
55
21
44
61
.7
70
.8
61
.0
Y
es
-
12
7-
#3
b)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 fa
ce
 a
nd
 b
ac
k 
w
yt
he
s
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
77
15
66
50
0
10
75
45
.7
25
.8
43
.2
N
o
39
-#
3
30
-#
3
8
14
8
15
4
17
50
99
5
12
28
48
.3
36
.5
46
.2
N
o
30
-#
3
33
-#
3
12
22
2
23
1
19
33
14
85
13
80
50
.8
44
.5
49
.0
N
o
18
-#
3
34
-#
3
16
29
6
30
8
21
16
19
69
15
33
53
.2
51
.3
51
.6
N
o
6-
#3
35
-#
3
20
36
9
38
5
22
99
24
48
16
86
55
.4
57
.2
54
.1
Y
es
-
40
-#
3
24
44
3
46
2
24
83
29
21
18
38
57
.6
62
.5
56
.5
Y
es
-
48
-#
3
28
51
7
53
9
26
66
33
89
19
91
59
.7
67
.3
58
.8
Y
es
-
56
-#
3
32
59
1
61
6
28
49
38
52
21
44
61
.7
71
.7
61
.0
Y
es
-
64
-#
3
 T
ab
le
 5
.7
  D
es
ig
n 
su
m
m
ar
y 
of
 2
-2
-2
-2
-2
 p
an
el
.
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
85
T
hr
ee
-w
yt
he
 p
an
el
 (2
-2
-3
-2
-2
)
C
on
cr
et
e 
ar
ea
 A
 =
11
04
in
2
M
om
en
t o
f i
ne
rti
a 
I =
12
81
2
in
4
a)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 c
en
te
r w
yt
he
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
67
18
11
60
4
12
39
49
.2
28
.4
46
.4
N
o
42
-#
3
40
-#
3
8
14
8
13
4
19
98
11
86
13
94
51
.7
39
.8
49
.2
N
o
30
-#
3
49
-#
3
12
22
2
20
1
21
85
17
47
15
50
54
.0
48
.3
51
.9
N
o
15
-#
3
56
-#
3
16
29
6
26
8
23
72
22
85
17
06
56
.3
55
.2
54
.4
N
o
3-
#3
65
-#
3
20
36
9
33
5
25
60
28
01
18
62
58
.5
61
.2
56
.9
Y
es
-
80
-#
3
24
44
3
40
2
27
47
32
94
20
18
60
.6
66
.3
59
.2
Y
es
-
95
-#
3
28
51
7
46
9
29
34
37
63
21
74
62
.6
70
.9
61
.4
Y
es
-
11
1-
#3
32
59
1
53
6
31
21
42
07
23
30
64
.6
75
.0
63
.6
Y
es
-
12
7-
#3
b)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 fa
ce
 a
nd
 b
ac
k 
w
yt
he
s
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
67
18
11
55
6
12
39
49
.2
27
.3
46
.4
N
o
42
-#
3
32
-#
3
8
14
8
13
4
19
98
11
07
13
94
51
.7
38
.5
49
.2
N
o
30
-#
3
33
-#
3
12
22
2
20
1
21
85
16
53
15
50
54
.0
47
.0
51
.9
N
o
18
-#
3
34
-#
3
16
29
6
26
8
23
72
21
93
17
06
56
.3
54
.1
54
.4
N
o
6-
#3
35
-#
3
20
36
9
33
5
25
60
27
27
18
62
58
.5
60
.4
56
.9
Y
es
-
40
-#
3
24
44
3
40
2
27
47
32
57
20
18
60
.6
65
.9
59
.2
Y
es
-
48
-#
3
28
51
7
46
9
29
34
37
80
21
74
62
.6
71
.1
61
.4
Y
es
-
56
-#
3
32
59
1
53
6
31
21
42
99
23
30
64
.6
75
.8
63
.6
Y
es
-
64
-#
3
 T
ab
le
 5
.8
  D
es
ig
n 
su
m
m
ar
y 
of
 2
-2
-3
-2
-2
 p
an
el
.
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
86
T
hr
ee
-w
yt
he
 p
an
el
 (3
-2
-3
-2
-3
)
C
on
cr
et
e 
ar
ea
 A
 =
13
92
in
2
M
om
en
t o
f i
ne
rti
a 
I =
23
20
4
in
4
a)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 c
en
te
r w
yt
he
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
53
27
16
71
6
18
49
60
.2
30
.9
56
.7
N
o
57
-#
3
48
-#
3
8
14
8
10
6
29
44
14
10
20
38
62
.7
43
.4
59
.5
N
o
45
-#
3
57
-#
3
12
22
2
15
9
31
71
20
83
22
28
65
.1
52
.7
62
.2
N
o
33
-#
3
66
-#
3
16
29
6
21
2
33
98
27
33
24
17
67
.4
60
.4
64
.8
N
o
21
-#
3
76
-#
3
20
36
9
26
5
36
26
33
61
26
07
69
.6
67
.0
67
.3
N
o
9-
#3
85
-#
3
24
44
3
31
9
38
53
39
66
27
96
71
.7
72
.8
69
.7
Y
es
-
95
-#
3
28
51
7
37
2
40
81
45
48
29
86
73
.8
77
.9
72
.0
Y
es
-
11
1-
#3
32
59
1
42
5
43
08
51
07
31
75
75
.9
82
.6
74
.2
Y
es
-
12
7-
#3
b)
 P
re
st
re
ss
 st
ra
nd
 p
la
ce
d 
in
 fa
ce
 a
nd
 b
ac
k 
w
yt
he
s
st
ra
nd
P
e
f c
e
C
od
e 
re
qu
.
Lo
ng
itu
di
na
l s
te
el
H
or
iz
on
ta
l
#
(k
ip
s)
(p
si
)
1.
2M
cr
φM
n
M
f
1.
2M
cr
φM
n
M
f
φM
n
>1
.2
M
cr
to
 sa
tis
fy
 
φM
n
>1
.2
M
cr
st
ee
l
4
74
53
27
16
64
0
18
49
60
.2
29
.2
56
.7
N
o
60
-#
3
42
-#
3
8
14
8
10
6
29
44
12
75
20
38
62
.7
41
.3
59
.5
N
o
48
-#
3
43
-#
3
12
22
2
15
9
31
71
19
04
22
28
65
.1
50
.4
62
.2
N
o
39
-#
3
46
-#
3
16
29
6
21
2
33
98
25
28
24
17
67
.4
58
.1
64
.8
N
o
27
-#
3
47
-#
3
20
36
9
26
5
36
26
31
47
26
07
69
.6
64
.8
67
.3
N
o
15
-#
3
48
-#
3
24
44
3
31
9
38
53
37
60
27
96
71
.7
70
.9
69
.7
N
o
3-
#3
50
-#
3
28
51
7
37
2
40
81
43
67
29
86
73
.8
76
.4
72
.0
Y
es
-
56
-#
3
32
59
1
42
5
43
08
49
70
31
75
75
.9
81
.5
74
.2
Y
es
-
64
-#
3
 T
ab
le
 5
.9
  D
es
ig
n 
su
m
m
ar
y 
of
 3
-2
-3
-2
-3
 p
an
el
.
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
M
om
en
t c
ap
ac
ity
 (k
⋅
in
)
M
ax
im
um
 sp
an
 li
m
it 
(f
t)
87
 
  
 
 
 
Flexural design 
Check stresses at service loads 
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Check abrupt failure of the panel 
Shear design 
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try a panel section  
Check panel end stress 
at prestress transfer  
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Is the design adequate? 
Check horizontal shear strength  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Final panel design  
 
 
 
      Figure 5.1 Design procedure for three-wythe panels. 
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(a) Two-wythe panel
Figure 5.2  Horizontal shear failure modes for two- and three- wythe panels.
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(a) Wide-flange beam
Figure 5.3  Horizontal shear flow in wide-flange beam and three-wythe panel.
(b) Three-wythe panel
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Figure 5.4  Spanning capability of 3-2-3 panel.
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(a) Prestress strand in center wythe
(b) Prestress strand in face and back wythes
Figure 5.5  Spanning capability of 2-1-2-1-2 panel.
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(a) Prestress strand in center wythe
(b) Prestress strand in face and back wythes
Figure 5.6  Spanning capability of 2-1-3-1-2 panel.
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(a) Prestress strand in center wythe
(b) Prestress strand in face and back wythes
Figure 5.7  Spanning capability of 3-1-3-1-3 panel.
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(a) Prestress strand in center wythe
(b) Prestress strand in face and back wythes
Figure 5.8  Spanning capability of 2-2-2-2-2 panel.
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(a) Prestress strand in center wythe
(b) Prestress strand in face and back wythes
Figure 5.9  Spanning capability of 2-2-3-2-2 panel.
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(a) Prestress strand in center wythe
(b) Prestress strand in face and back wythes
Figure 5.10  Spanning capability of 3-2-3-2-3 panel.
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     Figure 5.11  Summary of spanning capabilities for two- and three-wythe panels.
     Figure 5.12  Midspan deflection for two- and three-wythe panels.
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     Figure 5.13  Longitudinal reinforcement to satisfy the requirement that φMn ≥ 1.2Mcr.
0
100
200
300
400
500
600
700
800
0.0 2.0 4.0 6.0 8.0
Required steel area (in2)
Ef
fe
ct
iv
e 
pr
es
tre
ss
, f
ce
 (p
si
)
3-2-3
2-1-2-1-2(1)
2-1-2-1-2(2)
3-2-3-2-3(1)
3-2-3-2-3(2)
(1) : Prestress strand in center wythe
(2) : Prestress strand in face and back wythes
99
(a) 2-1-2-1-2 panel with prestress strand in center wythe
(b) 3-2-3-2-3 panel with prestress strand in center wythe
Figure 5.14  Transverse reinforcement.
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CHAPTER 6 
FEM ANALYSIS OF THREE-WYTHE PANELS 
 
6.1 INTRODUCTION 
This chapter describes FEM analyses of three-wythe panels that were performed to gain 
further insight in to the expected behavior of the panels at prestress transfer and at full service 
loads. 
 
The end region of a three-wythe panel where the prestress force is transferred to the panel 
presents some unique challenges in the design of the panel.  Transverse bending occurs at the 
end of the panel at transfer of prestress, creating stresses which may lead to cracking in the 
longitudinal direction of the panel.  Features of the transverse bending are described in detail in 
this chapter, and several solutions to reduce it are introduced and investigated using the FEM 
analyses.  
 
Section 6.2 presents general descriptions of the FEM models that were created, and 
explains the model geometries, element types, boundary conditions, and loading.  Several FEM 
models were developed to investigate the anticipated panel structural behavior of three-wythe 
panels, and are described in Section 6.3.  An appropriate FEM model is selected, and used to 
analyze the three-wythe panels.  The panel behavior at transfer of prestress is described in 
Section 6.4.  Included in Section 6.4 are descriptions of the deformed shape and longitudinal 
stress distribution at prestress transfer in a three-wythe panel.  Section 6.5 describes the 
transverse bending at the end regions at transfer of prestress.  Causes of the transverse bending 
and solutions to reduce it are discussed in detail in this section.  Finally, Section 6.6 describes the 
panel behavior at service loads.  Included in Section 6.6 are the general flexural behavior and 
transverse bending under the combined action of prestress force and service loads.  
 
6.2 DESCRIPTION OF FEM MODEL 
This section presents a general description of features of FEM models such as model 
geometries, element types, boundary conditions, and loadings.  Details of FEM models used to 
investigate panel behavior at both transfer of prestress and service loads are discussed.   
 
Typically, the Configuration I panels shown in Figure 2.2(a) are investigated in this 
study.  Material properties used in FEM analyses in this chapter are the same as described in 
Section 5.2.2. 
 
6.2.1 Model Geometries and Element Types 
The Configuration I panel has a prismatic cross-section along the panel span, and two 
symmetry conditions exist along the mid-width as well as across the midspan of the panel as 
shown in Figure 6.1(a).  As a result, a quarter symmetry model is possible instead of modeling a 
full size panel.  Figure 6.1(b) shows an example of the quarter symmetry FEM model of a 3-2-3-
2-3 panel.  This model geometry is typical, and it is used for most of FEM analyses presented in 
this chapter including analyses at both transfer of prestress and service loads. 
 
Various mesh arrangements and convergence studies were investigated, and the mesh 
arrangement shown in Figure 6.1 was selected.  The quarter symmetry FEM model shown in 
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Figure 6.1 has a size of 6 ft. × 25 ft. in plan and has total thickness of 13 in.  The FEM model has 
total 16907 nodes, and 14560 solid elements.  Each concrete and insulation layer has two solid 
elements through the thickness direction.   
 
The FEM model shown in Figure 6.1 has a fine mesh at the end of the panel, a relatively 
coarse mesh at the midspan of the panel, and an intermediate mesh between the fine and coarse 
mesh regions.  As discussed in Section 6.5, transverse bending at transfer of prestress causes 
rapid stress variations at the end region of a panel, and the fine mesh was used in that region.  On 
the other hand, stress variation at midspan of the panel does not vary much, and the coarse mesh 
was used.  Also, these three different mesh regions were considered for reducing number of 
elements and run time.  The maximum aspect ratio of the element is typically 3, 6, and 12 for the 
fine, intermediate, and coarse mesh regions, respectively.  The mesh generation was modified 
slightly as needed to accommodate different panel configurations, concrete and insulation 
thickness combinations, and strand locations.   
 
As will be explained in Section 6.3, three different FEM models are considered.  The 
solid element used to model the concrete and insulation is an eight-node element, and it is based 
on an isoparametric formulation that includes nine optional incompatible bending modes.  The 
incompatible bending modes significantly improve the bending behavior of the element if the 
element is of a rectangular form.  A 2×2×2 numerical integration scheme is used and stresses in 
the element are evaluated at the integration points and extrapolated to the joints of the element.  
In order to get an estimate of the stresses in the concrete at a specific node, the average value of 
stress of all connected elements was used.  However, for the case where concrete is connected to 
insulation, only the stresses in the concrete elements were averaged.  This is because the 
insulation has a relatively low elastic modulus as compared to concrete, and hence relatively low 
stresses, so its stress is not included in the average to get concrete stress.  As an aside, for stress 
contours shown in this chapter, some stress contours were generated with average stress values, 
and some were generated with non-averaged stress values according to a graphical interpretation 
of each stress contour.  
 
Non-linear gap and hook elements are used to model the insulation and wythe connectors.  
Both elements are two-joint links with only an axial degree of freedom.  The gap element is only 
active in compression and the hook element in tension with their specified stiffnesses.  As a 
result, the stiffnesses were either constant or zero.  Their non-linear stiffness properties were 
manually computed considering material properties and corresponding area.  For instance, when 
one gap element is used to model 6 × 6 in. tributary area of 2 in. thick insulation, the stiffness of 
the gap element is computed by multiplying the elastic modulus of insulation to the tributary area 
and dividing it by the thickness of the insulation.  
 
The shell elements are used in two ways.  One is to model a steel plate (explained in 
Section 6.5.3), and the other is to impose service loads.  When the shell elements are used to 
impose service loads, small values in both thickness and elastic modulus are used.  The flexural 
stiffness of the shell element is negligible.  The shell element is a three- or four-node formulation 
that combines separate membrane and plate-bending behavior.  A 2×2 numerical integration 
scheme is used, and stresses in the element are evaluated at the integration points and 
extrapolated to the joints of the element.   
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6.2.2 Boundary Conditions  
Two different boundary conditions are used in the FEM models in this chapter.  One is 
used to investigate panel behavior when prestress force is transferred, and the other is used to 
investigate panel behavior when service loads are imposed.  Figure 6.2 shows these two 
boundary conditions. 
 
As shown in Figure 6.2(a) and (b), symmetry boundary condition is used along the mid-
width and across the midspan of the panel for both FEM models.  X-axis translation (UX) and Y- 
and Z-axes rotation (RY, RZ) are restrained along the mid-width of the panel, and Y-axis 
translation (UY) and X- and Z-axes rotation (RX, RZ) are restrained across the midspan of the 
panel.  In addition to the symmetry boundary conditions in the FEM models, Z-direction rigid 
body motion is restrained to make the FEM models stable, and this is done in two different ways 
as follows. 
 
When the prestress force is transferred to the panel, the FEM model boundary condition 
is shown in Figure 6.2(a).  In addition to the symmetry boundary condition of the panel, a pin 
support is placed at the middle node of a corner where the symmetry surfaces intersect to prevent 
the Z-direction rigid body motion of the FEM model.  With these boundary conditions and 
ignoring self-weight of the panel, the FEM model can shorten in the Y-direction, and volume 
change in the X- and Z-directions can be predicted.  Also, panel distortion can be predicted from 
the FEM model shown in Figure 6.2(a).  It is assumed that the panel is free to slide without 
friction on the casting bed.   
 
The FEM model boundary conditions used for service loads are shown in Figure 6.2(b).  
In this case, the boundary conditions depend on the connection details.  Simple supports are 
assumed in this study, and this is modeled as shown in Figure 6.2(b) (one roller in the X-
direction and one roller in the Y-direction).  The roller supports are 6 in. away from both the 
panel end and edge.  Therefore, at this node, Z-direction translation is fixed but X- and Y-
direction translations are free to move.  The supported location is where thickened concrete 
region is located and connection hardware would be embedded.   
 
6.2.3 Loading  
Two types of loadings are used: prestress force and service loads.  Prestress force is 
imposed as nodal forces over the transfer length, lt, at the end of the panel.  The transfer length is 
computed using Equation 6.1 according to ACI 318-99 (Commentary R12.9). 
 
b
pe
t d
f
l   
3 



=         (6.1)     
 
where lt is given in inches, the nominal strand diameter db is in inches, and the effective prestress 
fpe is in ksi.  From prestress strand properties described in Sections 5.2.2.2 and 5.5, the transfer 
length, lt, is computed as 23.5 in. 
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To examine stresses in a panel at prestress transfer, the load is comprised of the initial 
prestress force, Pi.  For all FEM analyses here, a prestress force of 21.7 kips per strand was used, 
and the force is uniformly distributed over the transfer length of 24 in. 
 
To examine stresses in a panel under service loads, the 32 psf uniform wind load 
described in Section 5.2.1 is applied on panel surface using shell elements, and both wind 
pressure and suction are considered.  Shell elements are used only for loading purpose, and 
modeled on top of the solid elements where loads are applied.  As explained previously, small 
values of thickness and elastic modulus are used for the shell elements, and the contribution of 
the shell elements to flexural stiffness of the panel is negligible.  
 
6.3 FEM MODELS  
Three FEM models, shown in Figure 6.3, were developed to investigate the behavior of 
the three-wythe panels.  Below is a description of each model.  
 
In Model 1 (Figure 6.3(a)), only the concrete portions of the panel are modeled using 
three-dimensional solid elements.  Both the insulation and the wythe connectors are omitted from 
the model.  This model assumes that, because the insulation and the wythe connectors are less 
stiff than the concrete, they do not contribute to the behavior of the panel.  Comparing elastic 
modulus of the insulation and concrete, the concrete is over 3000 times higher than the 
insulation. 
 
In Model 2 (Figure 6.3(b)), both the concrete and the insulation are included in the 
model, and both materials are modeled with three-dimensional solid elements.  It is assumed that 
the concrete and insulation are perfectly bonded together so that all required stresses (tension, 
compression, and shear) can be transferred between the two materials.  Wythe connectors are 
omitted from the model.  Model 2 is the model that was selected to perform all analyses. 
 
In Model 3 (Figure 6.3(b)), the concrete, insulation, and wythe connectors are all 
included in the model.  Model 3 is a non-linear model in which the insulation can resist only 
compression, and wythe connectors can resist only tension.  This was accomplished using non-
linear gap and hook elements.  The rational for this model is that the bond between the insulation 
and concrete is not reliable in the long term, but that direct pressure in compression can still be 
transferred between the concrete and the insulation.   
 
All the FEM analyses were performed using SAP 2000 Non-linear Version 6.11 analysis 
program.  Linear elastic analyses were performed for Models 1 and 2, and non-linear time-
history analyses were performed for Model 3 (all non-linear analyses in SAP2000 are treated as 
time-history analyses). 
 
Models 1, 2, and 3 were applied to various panel configurations to evaluate their 
suitability for analyzing three-wythe panels.  Models 2 and 3 were determined to be appropriate 
models for analyzing three-wythe panels and Model 1 was determined to be unacceptable.   
 
Figure 6.4 is one of the examples from the FEM analysis results when panels are 
subjected to only the prestress force.  The figure shows the panel deformed shape and key joint 
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displacements of the FEM models in which prestress force is applied only in the center wythe.  
As shown in the figure, Models 2 and 3 have a similar deformed shape and their joint 
displacements are also similar to each other.  In contrast, Model 1 has a dramatically different 
deformed shape, and upon closer inspection, it is seen that the deformed shape would not be 
possible in an actual panel.  For instance, Z-axis displacements of Model 1 show that the gaps 
between wythes (which are occupied by insulation) are closing.  Even though the insulation is a 
relatively soft material as compared to the concrete, its area is quite large and it can transfer the 
compression between contact wythes.  Models 2 and 3 show that the three wythes move in 
unison in the through-thickness direction (i.e., Z-direction). 
 
Model 2 was selected to study the behavior of the three-wythe panel, and it was used for 
the remainder of the analyses.   It was explained previously that the both Model 2 and 3 could be 
used as appropriate models for the FEM analysis of the three-wythe panels.  Model 2 was 
selected over Model 3 because Model 3 involves non-linear time-history analyses which require 
significantly greater computation effort.  A quarter symmetry model of a panel using Model 3 
has more than 450 non-linear elements.  More than 500 modes had to be involved in the analyses 
required to get the right panel behavior, and greatly complicated the analyses without any 
significant improvement in the results.  
 
6.4 PANEL BEHAVIOR AT PRESTRESS TRANSFER   
The panel behavior at prestress transfer is investigated using the perfect bond model 
(Model 2) described in Section 6.3 and boundary conditions shown in Figure 6.2(a).  Typical 
panel behavior and prestress distribution in three-wythe panels are studied. 
 
The Configuration I panels shown in Figure 2.2(a) are primarily considered.  The panels 
are 12 ft. wide and 50 ft. long, and have a panel thickness of 3-2-3-2-3.  The panels have 16-7/16 
in. diameter 270k prestressing strands, and they are assumed to be placed only in the center 
wythe.  When the strands are placed uniformly in all three concrete wythes, transverse bending 
of the panel does not occur as discussed in Section 6.5.2, and there is no significant concern for 
the panel behavior at prestress transfer.  However, when the strands are not placed uniformly in 
all three concrete wythes, i.e. strands are placed only either in the center wythe or in the outer 
wythes, the transverse bending of the panel does occur at prestress transfer, and the panel 
behavior is investigated in this case.  
 
6.4.1 Deformed Shape of Three-wythe Panels 
Figure 6.5 shows the panel configuration and displacement plots at selected locations for 
the 3-2-3-2-3 panel.  Figure 6.5(a) is a plot of Z-axis displacements along the longitudinal 
direction of the panel, and Figure 6.5(b) is a plot of Z-axis displacements across the width at the 
end of the panel. 
 
As shown in Figure 6.5(a), while the midspan of the panel does not have Z-axis 
displacement, the end of the panel has a relatively large displacement.  For the panel end, the 
edge of the panel (line c) has a positive Z-axis displacement, but the mid-width of the panel (line 
a) has a negative Z-axis displacement.  This is also clearly seen from the Figure 6.5(b).  The end 
displacement of the panel (line f) shows double curvature bending, and its displacement 
decreases at a quarter span (line e).  Finally, Z-axis displacement is near zero at midspan (line d).  
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As a result, when prestress strands are placed only in the center wythe, bending occurs in the 
transverse direction of the panel at the end of the panel.  This transverse bending causes 
relatively high transverse stresses, and this is discussed in detail in Section 6.5. 
 
6.4.2 Prestress Distribution of Three-wythe Panels  
Figure 6.6 shows Y-direction normal stress contours under the prestress force, Pi, at the 
center of each concrete wythe.  A quarter symmetry portion of the panel is shown and the 
corresponding panel configuration is shown in Figure 6.5.  The stress contours shown in Figure 
6.6 were plotted by using average stress values of all connected elements.  Insulation elements 
are not adjacent to the nodes at the center of each concrete wythe, and using average stress 
values are correct to plot the stress contours in Figure 6.6. 
 
For the center wythe prestress distribution of Figure 6.6(b), the prestress distribution is 
relatively uniform across the panel width, and stress concentration occurs where the strands are 
located due to the prestress force (Location A).  The maximum Y-direction normal compressive 
stress is about 650 psi at Location A, and is about 250 psi at midspan.   
 
The face and back wythes do not have uniform prestress distribution across the panel 
width.  For any transverse section across the panel width (line a-a), the stress in the face wythe is 
large at mid-width of the panel and small at edge of the panel.  The opposite occurs in the back 
wythe (line b-b).  These non-uniform stress distributions can be explained as a shear lag effect in 
the three-wythe panel.  The prestress force is applied on the center wythe only, and it is 
transferred to the face and back wythes through the ribs.  As a result, concrete regions which are 
close to the center wythe have larger stress, and concrete regions which are further away from 
the center wythe have smaller stress.  
 
A relatively uniform prestress distribution is obtained at midspan of the panel.  For the 
panel shown in Figure 6.6, stresses at midspan of the panel are in a range of 248 to 252 psi, and 
are within ± 1% as compared to the average initial prestress of the panel, fci (250 psi).  Thus, at 
midspan of the panel, relatively uniform stress distribution is obtained.   
 
The prestress distribution in the panel at transfer is investigated in an experimental test, 
and the test and FEM results are compared.  Sections 8.3 and 9.3 discuss the details.  
 
6.5 TRANSVERSE BENDING AT PRESTRESS TRANSFER   
 This section discusses the details of the transverse bending in the three-wythe panel at 
prestress transfer.  Features of the transverse bending are described, and effects on the transverse 
bending when panel geometries and prestress locations vary are investigated.  Also, several 
approaches to reduce the stresses caused by transverse bending are proposed and evaluated.  
 
All panels treated in this study are 12 ft. × 50 ft. in plan and are 3-2-3-2-3 in thickness.  
All panels use 16 strands with the prestress properties described in Section 5.2.2.  The initial 
prestress of the panel, fci, is 250 psi.  
 
 106
FEM analyses were performed using Model 2 explained in Section 6.3.  The quarter 
symmetry FEM models were used, and the boundary condition shown in Figure 6.2(a) was 
applied.  Loading of the prestress force is described in Section 6.2.3. 
 
6.5.1 Features of Transverse Bending 
Figure 6.7 shows the deformed shape of a three-wythe panel and its transverse stress 
contour.  Only close look of the panel end is shown to clarify its deformed shape.  Values in the 
stress contour are not averaged because low concrete stresses are computed when concrete is 
connected to insulation as explained earlier.  
 
As shown in Figure 6.7(a), the panel end distorts due to prestress force.  The mid-width 
part at the end of the panel where symmetry exists has a downward displacement, and edge part 
has an upward displacement.  This deformed shape corresponds to the transverse direction stress 
contour shown in Figure 6.7(b).  The back wythe bottom surface at mid-width of the panel is in 
tension, and face wythe top surface is in compression.  On the other hand, the maximum 
transverse tension stress occurs at Locations A and B shown in Figure 6.7.  This is due to 
transverse bending of the center wythe, and maximum stresses are concentrated very locally.  
The cause of the panel transverse bending is explained as follows. 
 
Figure 6.8 illustrates the cause of the transverse bending that occurs at prestress transfer.  
The panel cross-section is shown in Figure 6.8(a), and a free-body diagram for each concrete 
wythe is shown in Figure 6.8(b) and (c).  When the prestress force is applied on the center wythe 
only, prestress is transferred between wythes through the concrete ribs.  As a result, a free-body 
diagram for each concrete wythe due to the prestress force transferred would be shown as Figure 
6.8(b).  In Figure 6.8(b), all three concrete wythes have force eccentricities.  Edges of the panel 
would displace upward due to the force eccentricity in the back wythe, and mid-width of the 
panel would displace downward due to the force eccentricity in the face wythe.  This panel end 
deformation agrees the result from the FEM analysis shown in Figure 6.7(a). 
 
6.5.2 Effect of Prestress Location on Transverse Bending  
This section examines how the location at which the prestress force is applied influences 
the transverse bending stresses.  Three different prestress locations are considered as follows: (1) 
prestress force applied in the center wythe only (hereafter referred to as the PCW case); (2) 
prestress force applied in the face and back wythes (hereafter referred to as the PFBW case); and, 
(3) prestress force applied in all concrete wythes (hereafter referred to as the PAW case).  
Figures 6.9 and 6.10 show panel cross-sections and prestress locations used in FEM analyses. 
 
Two different panel cross-sections are considered in this study, and they are shown in 
Figures 6.9 and 6.10.  The first panel is the same as the Configuration I panel shown in Figure 
2.2(a).  This panel has one concrete rib between the face wythe and the center wythe, and two 
concrete ribs between the center wythe and the back wythe (hereafter referred to as the 1-2 rib 
panel).  Similarly, the second panel has three concrete ribs between the face wythe and the center 
wythe, and two concrete ribs between the center wythe and the back wythe (hereafter referred to 
as the 2-3 rib panel).  It is noted here that the 2-3 rib panel may actually be more practical panel 
configuration for panel handling and the installation of embedded lifting hardware.  
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Table 6.1 shows the analysis results for various prestress locations in three-wythe panels.  
The results include the maximum transverse tension stresses in each panel and their locations.  
As shown in Table 6.1, the PAW cases have the lowest maximum transverse tension stresses, 
and the PCW cases have the highest maximum transverse tension stresses.  Table 6.1 also shows 
that for a given prestress location, the 2-3 rib panel has lower stresses than the 1-2 rib panel.  
  
For both the 1-2 rib and 2-3 rib panels, the maximum transverse tension stresses occur in 
the center wythe (locations 1, 4) for the PCW cases and in the outer wythes (locations 2, 5) for 
the PFBW cases.  For both of these cases, these maximum tension stresses are attributed to 
transverse bending.  For the PAW cases, the maximum transverse tension stresses occur in 
locations 3 and 6.  Examination of the stress contour plots suggests that these maximum stresses 
are associated with spalling stresses between the points of application of the prestress force 
rather than transverse bending of the panel.  
 
As shown in Table 6.1, the maximum transverse stresses decrease from the 1-2 rib to 2-3 
rib panels.  From the 2-3 rib to 1-2 rib panels, 9%, 21%, and 39% of transverse stress reduction 
were investigated for each prestress location case. 
 
For an initial concrete strength, fci’, is 3500 psi, the modulus of rupture of the concrete is 
444 psi from Equation 5.3.  The panels which exhibit maximum transverse stresses above 444 
psi are expected to crack at prestress transfer.  These cracks may be undesirable in practical 
applications, so there is a need to reduce the stresses to below the cracking stress of the concrete.  
Section 6.5.3 propose and examines several possible solutions to reduce the transverse bending. 
 
6.5.3 Approaches to Reduce the Transverse Bending Stresses   
This section describes two approaches to reduce transverse bending stresses at prestress 
transfer.  The first approach uses partially debonded strands to apply the prestress force more 
gradually (i.e. over a longer length) at the end of the panel so that transverse bending may be 
reduced. 
 
The second approach uses shear connectors between concrete wythes to cause all wythes 
to shorten more in unison at prestress transfer.  By using shear connectors, the prestress force can 
be transferred through them and uniform prestress distribution of the panel can be achieved.  In 
this case, the transverse bending may be reduced, and it would lead to smaller transverse stresses.  
Steel plates and concrete blocks are used as shear connectors in this study, though other 
approaches may also be applied. 
 
Using the two approaches described above, transverse bending of three-wythe panels 
having four different panel end conditions is investigated and results are presented in Section 
6.5.3.1.  For the first approach that uses partially debonded strands, transverse bending is 
influenced by debonded length of strands.  This effect is also investigated and results are in 
Section 6.5.3.2. 
 
6.5.3.1 Transverse Bending Stresses for Various End Conditions 
Table 6.2 shows four different panel end conditions to investigate how these influence 
transverse bending stresses at prestress transfer.  Case A is the basic case and does not have any 
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modification.  Cases B, C, and D use either partially debonded strands or shear connectors as 
described in the previous section.  Details of each panel end condition are as follows. 
 
For Case A, no attempt is made to reduce the transverse bending stresses, and this Case A 
is compared with other three cases.  For Case B, half strands are debonded by 6 ft. at the end of 
the panel so that prestress force is transferred beyond 6 ft. away from the end of the panel.  For 
Case C, rectangular shape steel plates are used as shear connectors.  The plates are 5 in. × 24 in. 
with 1/8 in. in thickness, and the 24 in. long side is along the panel longitudinal direction.  Steel 
plates are placed at the end of the panel, and their locations are shown in Figure 6.11(c).  Each 
end of the panel has total four steel plates, and only two steel plates are shown in the figure due 
to the quarter symmetry model.  Steel plates were modeled by using shell elements in FEM 
analysis as described earlier, and their material properties are the same as normal structural steel.  
Finally, for Case D, partial concrete blocks are used as shear connectors.  The partial concrete 
blocks are 12 in. × 12 in. in plan and are 2 in. in thickness.  The partial concrete blocks are 
placed at the end of the panel as shown in Figure 6.11(d).  Thus, the panel cross-section is 
symmetry only at the region where the partial concrete blocks are placed.   
 
The 1-2 rib panel is only investigated in this study, and PCW case in which the prestress 
force is applied only in the center wythe is only considered.  Panel cross-section is the same as 
shown in Figure 6.9(a). 
 
Figure 6.11 shows transverse stress contours obtained from FEM analyses for 1-2 rib 
panels with various end conditions.  In the figure, maximum transverse tension stresses in the 
outer wythes are denoted, and transverse stresses at four corners in the center wythe are also 
indicated with a separated figure right below each stress contour because high stresses occur at 
these regions.  From stress values shown in Figure 6.11, negative sign represents compression 
stress, and positive sign represents tension stress. 
 
Comparing Case A (Figure 6.11(a)) with Case B (Figure 6.11(b)), transverse stresses 
decrease.  As a result, transverse stresses at prestress transfer decrease by using partial debonded 
strands.  The maximum transverse tension stress decreases from 755 psi to 475 psi in the center 
wythe, and decreases from 480 psi to 355 psi in the outer wythes.  Even though the transverse 
stresses are reduced, transverse bending still exists as indicated by positive and negative signs 
from the center wythe stresses. 
 
Comparing Case A (Figure 6.11(a)) with Case C (Figure 6.11(c)), transverse stresses 
decrease.  As a result, transverse stresses at prestress transfer decrease by using steel plates as 
shear connectors.  26% stress reduction was investigated for the maximum transverse tension 
stresses in the center wythe, and 56% stress reduction was investigated in the outer wythes.  
Unlike the Cases A and B, four corner stresses in the center wythe for Case C are all in tension.  
It is considered that the transverse bending in the center wythe is significantly reduced by using 
steel plates.  However, relatively large transverse tension stresses (559 psi at the bottom right 
corner in the center wythe) were obtained as compared to Case B.  This is found to be induced by 
a stress concentration as a concrete wythe thickness varies.  
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As an aside, for a stress concentration concern in the panel of Case C, the maximum 
tension stress for concrete is 550 psi at the corner region of the steel plate.  The maximum 
principal stress for steel plated is 13 ksi.  These stresses occur very locally, and more fine mesh 
and proper FEM model are needed to estimate accurate stress results. 
 
Comparing Case A (Figure 6.11(a)) with Case D (Figure 6.11(d)), transverse stresses 
decrease.  As a result, transverse stresses at prestress transfer decrease by using partial concrete 
blocks as shear connectors.  12% stress reduction was investigated for the maximum transverse 
tension stress in the center wythe, and 54% stress reduction was investigated in the outer wythes.  
As similar to Case C, the transverse bending for Case D decreases as indicated in the same sign 
at four corner stresses in the center wythe shown in Figure 6.11(d).  However, stresses in the 
center wythe are relatively large as compared to the Cases B and C.  As explained previously, 
large transverse tension stresses in the center wythe are found to be induced by a stress 
concentration as a concrete wythe thickness varies.   
 
For Case D, the partial concrete blocks transfer the prestress force.  The maximum shear 
stress for the partial concrete blocks is 340 psi, and this stress is above the allowable stress when 
assuming concrete shear strength as 3.5fci’ ( 35005.3  = 207 psi).  Therefore, adequate 
reinforcement should be provided to prevent a shear failure in the partial concrete block region. 
 
In addition to the end conditions presented here, other end conditions are possible to 
reduce the transverse bending stresses of three-wythe panels.  Combination of end conditions 
presented here is applicable (for example, combination of Case B and Case C or D).  Using the 
end conditions presented here in the 2-3 rib panel is also applicable.  In addition, there are 
numerous shear connectors available in current practices.  Depending on types of shear 
connectors, shear transfer capabilities would vary and the transverse bending stresses of three-
wythe panels vary too.  Therefore, more studies need to be conducted. 
 
6.5.3.2 Transverse Bending Stresses Using Partially Debonded Strands 
In previous section, it was found that transverse bending stresses of three-wythe panels 
decreased using partially debonded strands at prestress transfer.  It is obvious that the transverse 
stresses would vary with respect to debonded length of strands and number of partially debonded 
strands.  In this section, transverse bending stresses of three-wythe panels at prestress transfer are 
investigated when the debonded length of strands varies.  In addition, depending on the 
arrangement of the bonded and debonded strands, transverse stresses vary.  This effect is also 
investigated.  
 
Analyses were performed when the debonded length is 0, 1, 2, 3, and 6 ft. to investigate 
the effect of the debonded length of strands.  Both 1-2 rib and 2-3 rib panels are investigated 
only with the PCW case as described in Section 6.5.2.  Same panel geometries and prestress 
properties are considered as same as described in previous section.  As a result, panels with a 
debonded length of 0 ft. are the same as the Case A, and panels with a debonded length of 6 ft. 
are the same as the Case B in Table 6.2.  For all panels treated in this section, half strands are 
debonded; i.e., 8 out of 16 stands are partially debonded.  Normal transfer length computed by 
Equation 6.1 is used for the transfer length of the prestress force for both the bonded and 
partially debonded strands.   
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Figure 6.12 shows the relationship between the maximum panel transverse tension 
stresses and the strand debonded length.  The maximum tension stresses in the center wythe are 
plotted with solid lines, and the maximum tension stresses in the outer wythes are plotted with 
dotted lines.  The plot also includes a stress limit of concrete modulus of rupture 
( 35005.7'5.7 =cif = 444 psi) at prestress transfer.  
 
As shown in Figure 6.12, the maximum transverse tension stresses decrease with 
increased debonded length.  The stress reduction is occurred for both the 1-2 and 2-3 rib panels, 
and also for both the center and outer wythes. 
 
The maximum transverse stresses in the center wythe are above the stress limit up to 6 ft. 
strand debonded length, but stresses in the outer wythe are below the stress limit with couple feet 
of debonded length.  As a result, based on the analysis results, more than 6 ft. of debonded strand 
length is needed to keep the panel from cracking.    
 
Comparing the maximum transverse stresses between the 1-2 rib and 2-3 rib panels, the 
1-2 rib panel has relatively larger stresses than the 2-3 rib panel in both the center wythe and the 
outer wythes.  Stress reduction from the 1-2 rib panel to the 2-3 rib panel is not clear in the 
center wythe, but stress in clearly reduced in the outer wythes.  
 
From Figure 6.12, the maximum transverse stresses in the outer wythes decrease 
constantly with respect to the debonded length, but stresses in the center wythe do not vary 
constantly as compared to the stresses in the outer wythes.  This is because the location where 
the maximum transverse stress occurs is changed.  When the half strands are debonded, the 
location of the maximum stress is changed, and this is why the maximum transverse stresses in 
the center wythe do not vary constantly. 
 
As described in earlier in this section, transverse stresses are investigated when the 
arrangement of the bonded and debonded strands changes.  Figure 6.13 shows transverse tension 
stresses in 2-3 rib panels having two different debonded strand locations.  Geometries of two 
panel cross-sections are the same, but locations of the partially debonded strands are different as 
shown in Figure 6.13(a) and (b).  The figure denotes several key stresses occurred at the end of 
the panel.   
 
Figure 6.13 shows the transverse stresses vary depending on the locations of the bonded 
and the partially debonded strands.  The maximum transverse stress in Figure 6.13(a) is 461 psi, 
and it is 374 psi in Figure 6.13(b).  From Figure 6.13(a), the maximum transverse stress occurs 
where wythe thickness changes in the center wythe, and a partially debonded strand is closely 
located at this maximum stress region.  On the other hand, stress at this maximum stress location 
is reduced in Figure 6.13(b).  When a bonded strand is placed at this region, the transverse 
tension stress is reduced.   
 
6.5.4 Summary of Transverse Bending Stresses of Three-wythe Panels 
 In the previous section, transverse stresses were investigated only for one prestress level.  
Noting that the transverse stresses at the end of the panel result from prestress force, the 
relationship between the transverse stresses and the prestress force can be established.   
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Figures 6.14 and 6.15 are plots of the maximum transverse tension stresses with respect 
to the prestress force for 1-2 and 2-3 rib panels.  The four different end conditions (Cases A, B, 
C, and D) shown in Table 6.2 are investigated, and only the PCW case is considered.  Figure 
6.14 is a plot of the maximum transverse tension stresses in the center wythe, and Figure 6.15 is 
a plot of the maximum transverse tension stresses in the outer wythes.  The plots also show the 
concrete modulus of rupture ( 35005.7 ) with a dotted line.  All panels are 3-2-3-2-3 panels, and 
they are 12 ft. wide.   
 
When constructing the plots in Figures 6.14 and 6.15, only a few cases were analyzed.  
The 1-2 rib and 2-3 rib panels with Case A end condition were analyzed with 8, 16, 24, and 32 
number of prestress strands.  An approximately linear relationship between the maximum 
transverse stresses and the prestress force was obtained, and then, for the rest of the panels, only 
panels having 16 and 32 prestress strands were analyzed.  Depending on the location of prestress 
strands, the transverse stresses may vary.  However, for simplicity, a linear relationship is 
assumed. 
 
Figures 6.14 and 6.15 provide a simple design tool to check the transverse stresses in 
three-wythe panels at prestress transfer.  For an example, when designing a Configuration I panel 
shown in Figure 2.2(a) with Case A end condition, the maximum number of strands is 9 
according to Figure 6.14.  If a highly prestressed panel is needed, then other end conditions can 
be used with satisfying the stress limit provided in Figures 6.14 and 6.15.  Using a 2-3 rib panel 
with Case D end condition, 22 strands can be used according to Figure 6.15.  
  
Comparing stress results shown in Figures 6.14 and 6.15, the maximum transverse 
stresses in the center wythe are higher than those in the outer wythes so that considering only 
Figure 6.14 is enough to check the transverse stresses.  However, some designers may allow 
cracks in the center wythe if transverse reinforcement is provided to control these cracks.  In this 
case, Figure 6.15 is needed to check the transverse stresses in outer wythes at prestress transfer.  
It should be noted here that Figure 6.15 may not predict accurate transverse stresses.  Once 
cracking in the center wythe occurs, the stiffness of the panel changes, and it may increase 
transverse stresses in the outer wythes.  Therefore, actual stresses may be higher than the results 
shown in Figure 6.15. 
 
An accurate prediction of the transverse cracking in three-wythe panels is a complicated 
problem due to uncertainties such as a panel imperfection caused by panel productions, bond 
action between concrete and insulation, and thermal and shrinkage effects in a panel.  Chapter 10 
describes a test program which investigates panel behavior at prestress transfer.  
 
6.6 PANEL BEHAVIOR AT SERVICE LOADS  
This section examines the general flexural behavior of three-wythe panels at service loads 
using the FEM model described in Section 6.3.  Elastic load-deflection behavior, degree of 
composite action, and strains and stresses in the panel are investigated.  In addition, additional 
transverse bending caused by service load is also investigated.  
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6.6.1 Overview 
All  analyses treat a 3-2-3-2-3 panel.  Both the 1-2 rib and 2-3 rib panels are treated.  To 
show stresses caused by wind loading, prestress force is not included in these analyses.  Self-
weight of the panel is ignored in all analyses. 
 
The perfect bond model with the quarter symmetry geometry described in Section 6.3 is 
used for all FEM analyses.  The model mesh is shown in Figure 6.1, and boundary conditions are 
shown in Figure 6.2(b).   
 
The boundary condition shown in Figure 6.2(b) is for the 1-2 rib panel, and the support 
condition is changed slightly for the 2-3 rib panel.  From the panel cross-section of the 2-3 rib 
panel in Figure 6.10(a), the connection hardware is assumed to be embedded in the back wythe 
where two concrete ribs are located (the bottom concrete wythe in Figure 6.10(a)), and this 
location is supported.  Figure 6.18(b) shows the 2-3 rib panel with the support condition.  In the 
figure, the panel is upside down, and only Z-direction displacement is restrained as described in 
Section 6.2.2. 
 
A uniform wind load of 32 psf is applied as described in Section 6.2.3, and both pressure 
and suction of the wind load are considered.   
 
6.6.2 Elastic Load-Deflection Behavior of Three-wythe Panels 
Figure 6.16 shows elastic load-deflection behavior of the 1-2 and 2-3 rib panels.  For 
comparison purposes, the load-deflection responses of composite and non-composite panels are 
also plotted, and they are computed using Equation 6.2. 
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where ∆ is the value of a midspan deflection, w is a service wind load, L is the panel span, Ec is 
the concrete modulus of elasticity, and the terms Ic or Inc are moment of inertias for the  
composite and non-composite panels, respectively. 
 
As shown in Figure 6.16, the load-deflection behavior of both the 1-2 and 2-3 rib panels 
are similar to that of the composite panel.  Therefore, behavior similar to that of a composite 
panel is expected.  In addition, comparing the 1-2 rib and 2-3 rib panels, the 2-3 rib panel is 
stiffer than the 1-2 rib panel.  
 
6.6.3 Panel Flexural Stress Distribution at Service Loads  
Figure 6.17 shows the flexural stress distribution at a service wind load of 32 psf.  The 
panel configuration is shown at the top of the figure, and only a quarter portion of the panel is 
shown.  Figure 6.17(a) is a plot of the flexural stress distribution at selected Y locations across 
the panel width (lines a-a, b-b, c-c, and d-d) on the back wythe at Z=0.  Figure 6.17(b) is a plot of 
the flexural stress distribution through the panel thickness at X=36 in. which is at a quarter width 
of the panel (locations e, f, g, and h).   In Figure 6.17(a) and (b), flexural stresses are values 
obtained from the FEM analyses under the action of wind load alone.  As noted earlier, prestress 
of the panel is not included. 
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As shown in Figure 6.17(a), a non-uniform flexural stress distribution is expected across 
the panel width.  This non-uniform stress distribution is relatively large at the end of the panel 
(line d-d), and it decreases at midspan of the panel (line a-a).  From the non-uniform flexural 
stress distribution, relatively larger stresses occur at panel edge as compared to the stresses in the 
mid-width of the panel.  This is due to the shear lag effect in the three-wythe panel.  Horizontal 
shear force due to the service load is transferred through concrete, and shear flow of the panel is 
as shown in Figure 5.3(b).  As a result, stress in the panel edge is higher than that in the mid-
width of the panel. 
 
Flexural stress distribution through the panel thickness is also non-uniform as shown in 
Figure 6.17(b).  As noted previously, non-uniform stress distribution is relatively large at the end 
of the panel (location h), and its degree decreases toward the midspan of the panel (location e).  
 
6.6.4 Additional Transverse Bending at Service Loads  
Figure 6.18 shows transverse stress contours at the end of the panel caused by service 
load.  Also shown in Figure 6.18 is the direction that the pressure wind load acts in each case.  
For both the 1-2 rib and 2-3 rib panels, wind pressure is applied to the face wythe of the panel.  
Again, the back wythe is defined as the concrete wythe where the supports are attached.  Because 
the analyses were linear elastic, the analyses results for the suction wind load case were exactly 
same as the pressure case but with a sign change.    
 
As shown in Figure 6.18, relatively higher transverse stresses were obtained at the end of 
the panel.  The maximum transverse stresses are 966 psi and 489 psi for the 1-2 rib and 2-3 rib 
panels, respectively (again, in suction wind load, a sign in stress changes).  These high transverse 
stress results are considered to be induced by the transverse bending caused by service loads.  
The panels are 12 ft. wide, and the distance between supports is 11 ft.  Therefore, the panel 
deflects in transverse direction at service loads even if the amount of deflection is much smaller 
than the midspan deflection in longitudinal direction.  In addition, a stress concentration of the 
panel results in the high transverse stress at the end of the panel.  The location of the maximum 
stress shown in Figure 6.18 is where the concrete wythe thickness changes.  Therefore, the stress 
concentration effect must be included. 
 
Comparing the 1-2 rib and 2-3 rib panels, the 1-2 rib panel has larger transverse stresses 
than the 2-3 rib panel.  Distance between supports in panel transverse direction is reduced in the 
2-3 rib panel, and smaller stress results were found.  
 
6.6.4.1 Superimposed Transverse Bending  
In actual practice, panels are prestressed.  Therefore, the transverse stresses obtained at 
service loads will act together with the transverse stresses obtained at prestress transfer.  
Depending upon the direction of the wind loading, the maximum transverse stress and its 
location may vary.  These are examined in this section.  
 
The 1-2 rib and 2-3 rib panels are investigated with four different end conditions (Cases 
A, B, C, and D) shown in Table 6.2.  Both pressure and suction of the wind load are considered.  
All panels are 10 ft. wide and 50 ft. long, and they are all 3-1.5-3-1.5-3 panels.  12 ft. wide and 
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3-2-3-2-3 panels were primarily investigated so far, but panel geometries are changed in this 
study.  Actually, 10 ft. wide and 3-1.5-3-1.5-3 panels are the prototype panels discussed in next 
chapter, and these panels are used for designing test panels in the experimental program. 
 
Tables 6.3 through 6.10 show transverse stress distributions only at panel end under the 
combined prestress force and service loads.  The transverse stresses shown in the tables are only 
for a half cross-section of the panel.  Concrete stresses are only presented, and insulation stresses 
are not shown in the tables.  Corresponding X and Z coordinates in the tables are the same as 
shown in Figure 6.5. 
 
Values shown in Tables 6.3 through 6.10 are normalized stress values, and computed as 
follows.  Two separate FEM analyses were performed individually to get the transverse stresses 
at prestress transfer and at 32 psf service load.  Then, two sets of stress results were added, and 
divided by the concrete modulus of rupture ( 60005.7'5.7 =cf ).  Consequently, for the values 
higher than 1.0, cracks are likely to occur, and those values are underlined in the tables.  In 
addition, the maximum tension transverse stresses are bordered with outside boxes.  As an aside, 
when computing the transverse stresses at prestress transfer, effective prestress force, Pe, is used 
instead of initial prestress force, Pi. 
 
Tables 6.3 through 6.6 show transverse stress distributions at panel end under the 
combined action of prestress force and service loads for the 1-2 rib panels.  Except the Case C 
end condition (Table 6.5), the other end conditions have higher maximum stresses than the 
cracking stress, i.e., values are larger than 1.0.  The Case A end condition (Table 6.3) has the 
highest maximum transverse stress.  The Case B and D end conditions (Tables 6.4 and 6.6) are in 
next sequence.  Finally, the Case C end condition (Table 6.5) has the smallest maximum 
transverse stress. 
 
As shown in Tables 6.3 through 6.6, for four different end conditions of the 1-2 rib 
panels, the maximum transverse stresses occur under pressure wind load and at a location of 
X=48 in. and Z=4.5 in.  As a result, cracks are likely to form at that location.  On the other hand, 
under suction wind load, all transverse stresses are smaller than the cracking stress, i.e., values 
are smaller than 1.0.  Therefore, cracks are not likely to form in this suction wind load.  
 
Tables 6.7 through 6.10 show transverse stress distributions at panel end under the 
combined action of prestress force and service loads for the 2-3 rib panels.  Except the Case A 
end condition (Table 6.7), the other end conditions have smaller maximum stresses than the 
cracking stress.  The Case A end condition (Table 6.7) has the highest maximum transverse 
stress.  The Case B and C end conditions (Tables 6.8 and 6.9) are in next sequence.  Finally, the 
Case D end condition (Table 6.10) has the smallest maximum transverse stress. 
 
As shown in Tables 6.7 through 6.10, as similar to the 1-2 rib panels, larger maximum 
transverse stresses occur under pressure wind load, and smaller maximum transverse stresses 
occur under suction wind load.  For the Case A end condition (Table 6.7), the maximum 
transverse stress occurs at a location of X=56 in. and Z=7.5 in.  As a result, a crack would form 
at this location.  For the rest of the end conditions, normalized stresses are less than 1.0, and 
cracks are not likely to form. 
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6.7 CONCLUSIONS 
The major conclusions based on the FEM analyses presented in this chapter are as follows. 
 
1. Transverse bending occurs in three-wythe panels unless prestress force is applied 
uniformly in all three concrete wythes.  This transverse bending occurs locally at the end 
of the panel, and results in large transverse tension stress.   
2. Several approaches to reduce the transverse bending were evaluated such as using 
partially debonded strands and shear connectors (steel plates and solid concrete blocks).  
In these cases, the transverse bending stresses were reduced as compared to the plain end, 
and smaller transverse stresses were obtained. 
3. Figures 6.14 and 6.15 provide the maximum transverse tension stresses for various end 
conditions and levels of prestress force.  The figures can be used to check the maximum 
transverse tension stress in a three-wythe panel with the given geometry.   
4. From FEM analyses of three-wythe panels at service loads, 1-2 rib and 2-3 rib panels 
behave similar to a composite panel.  The initial stiffness of the 2-3 rib panel was greater 
than the 1-2 rib panel.   
5. The flexural stress distribution in a three-wythe panel at service loads is non-uniform 
both across the width and through the depth of the panel.  This non-uniform stress 
distribution is relatively large at end of the panel, and a more uniform stress distribution 
is obtained at midspan of the panel.   
6. When the prestress force is applied only at the center wythe, the longitudinal stress 
distribution is non-uniform in the back and face wythes both across the width and through 
the depth of the panel.  This non-uniform stress distribution is due to shear lag in the 
three-wythe panel.  However, a more uniform stress distribution is obtained at midspan of 
the panel.   
7. Transverse bending of the three-wythe panel was investigated under the combined action 
of prestress force and service load.  The transverse bending stresses either increased or 
decreased, depending upon the direction of the service load (pressure or suction). 
8. The perfect bond FEM model and the non-linear FEM model described in Section 6.3 are 
appropriate FEM models to predict structural behavior of three-wythe panels at both 
prestress transfer and service loads.  The perfect bond FEM model can be used to provide 
useful results with simpler computation effort as compared to non-linear FEM model. 
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Model 2 (Perfect bond model) 
 Prestress location 
Maximum transverse stress 
(psi) Location 
(1) 
PCW 754 1 
PFBW 482 2 1-2 rib panel 
PAW 255 (2) 3 
PCW 687 4 
PFBW 379 5 2-3 rib panel 
PAW 155 (2) 6 
Note:  
(1) : locations of the maximum transverse stresses are shown below 
(2) : maximum stresses are resulted from concrete spalling  
 
 
 
 
4
6
5 
sym.
sym.
sym.
2
sym.
3 
1
 
 
 
 
 
 
 
 
                          1-2 rib panel                                                             2-3 rib panel 
 
 
 
Table 6.1 Maximum transverse tension stresses for various prestress locations in three-wythe  
                 panels.  
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Panel end 
condition Modification  Description for panel end condition 
Case A None 
Basic case - No attempt is made to reduce the transverse 
bending stresses 
Case B Debond 
Use partially debonded strands - Half of the strands are 
debonded by 6 ft. at the end of the panel 
Case C Shear connector  
Steel plates placed at the end of the panel are used as shear 
connectors 
Case D Shear connector  
Partial concrete blocks placed at the end of the panel are 
used as shear connectors 
 
Table 6.2 Various end conditions to reduce transverse bending stresses. 
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Figure 6.2 FEM model boundary conditions.
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(c) Model 3
(b) Model 2
Figure 6.3 Three FEM models.
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(b) Center wythe
(b) Back wythe
Figure 6.6 Stress contour under the action of initial prestress force P .i
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Figure 6.7 Transverse bending.
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Figure 6.9 Various prestress locations for 1-2 rib panel (cross-section view).
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Figure 6.11 Transverse stress contour for 1-2 rib panel with various end conditions.
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      Figure 6.12 Maximum transverse tension stresses vs. strand debonded length.
      Figure 6.13 Transverse tension stresses for different debonded strand locations 
        in 2-3 rib panel.
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      Figure 6.14 Maximum transverse tension stresses in the center wythe for 3-2-3-2-3
         panel.
      Figure 6.15 Maximum transverse tension stresses in the outer wythes for 3-2-3-2-3
         panel.
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     Figure 6.16 Elastic load-deflection behavior of 1-2 rib and 2-3 rib panels.
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Figure 6.17 Flexural stress distribution through panel width and thickness for 1-2 rib panel.
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Figure 6.18 Panel end transverse stress contour under service load 32 psf.
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CHAPTER 7 
DESCRIPTION OF THE FLEXURAL TESTS 
 
7.1 INTRODUCTION  
The flexural behavior of three-wythe sandwich wall panels was investigated using lateral 
load tests.  Information evaluated includes load-deflection behavior, degree of composite action, 
flexural strength, and horizontal shear of the panels under the action of a uniform pressure.   
 
In addition to the lateral load tests, the strains in the test panels were measured at the 
transfer of the prestress force.  These measurements were made to evaluate the manner in which 
the prestress force, applied to just the center wythe, is distributed to all three concrete wythes.  
Strain measurements due to the prestress force were made at the site where the panel was 
manufactured.  This chapter describes the flexural test program.  The results of the flexural tests 
are reported in Chapter 8, and comparisons between the experimental results and the analytical 
results are given in Chapter 9. 
 
 The flexural test program consisted of tests of two large-scale three-wythe panels.  The 
test panels were derived from full-scale prototype panels.  Section 7.2 presents the details of 
prototype panels and test panels, and Section 7.3 describes the fabrication of the test panels.  The 
test fixture is explained in Section 7.4, and instrumentation details are presented in Section 7.5. 
 
7.2 PROTOTYPE PANELS AND TEST PANELS 
7.2.1 Prototype Panels 
Two prototype panel cross-sections were considered in the experimental program, and 
these are shown in Figure 7.1.  Figure 7.1(a) shows a 1-2 rib panel, and Figure 7.1(b) shows a 2-
3 rib panel.  Both panels are prismatic, and are of Configuration I shown earlier in Chapter 2.  
The panels are referred to as prototype panels because they represent of panels that could be used 
in an actual structure.  The test panels, described later, are 2/3-scale versions of the prototype 
panels. 
 
The 1-2 rib panel was studied for it thermal performance as well as its structural 
performance in previous chapters as a typical panel configuration.  In order to investigate actual 
behavior of the panel and compare the analytical results with the experimental results, the 1-2 rib 
panel was selected as the prototype panel.  The 2-3 rib panel is similar to the 1-2 rib panel.  
Because it has more ribs that are more closely spaced than the 1-2 rib panel, it will have inferior 
thermal performance.  However, there are at least two potential advantages of the 2-3 rib panel as 
compared with the 1-2 rib panel.  First, the 2-3 rib panel is better suited for the placement of 
lifting hardware (in the two ribs between the center and back wythes).  Second, using the 2-3 rib 
panel can reduce the panel transverse bending as described in Section 6.5.2.  Therefore, the 2-3 
rib panel was also selected as a prototype panel.   
 
As shown in the Figure 7.1, the prototype panels are 10 ft. wide, 52.5 ft. long, and have a 
3-1.5-3-1.5-3 thickness.  Also shown in the figure are possible lifting points located in solid 
concrete regions.  From Chapter 5, these panels can be expected to span 50 ft. to 70 ft.  In order 
to use an existing test setup from a previous wall panel project, test specimens that were 2/3-
scale of the prototype panels were considered.  In this case, 52.5 ft. span is scaled down to 35 ft. 
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span which is suitable for the existing test setup.  Also, the width restriction of the existing test 
setup lead to the used of 10 ft. wide prototype panels instead of 12 ft. wide panels which were 
used for most cases in Chapters 4, 5, and 6.  It is thought the 2/3-scale was a reasonable to 
capture the behavior of the prototype panels.   
 
Table 7.1 presents the details of the prototype panels, including geometries, section 
properties, prestress properties, additional reinforcement, and strengths.  As shown in the table, 
both the 1-2 rib and 2-3 rib panels have the same structural properties. 
 
7.2.2 Test Panels 
Table 7.1 also includes details of the test panels.  To satisfy similitude requirements, the 
panel thickness, width, and span length were scaled down by a factor of 2/3.  The panel cross-
section area was scaled down by a factor of (2/3)2, and moment of inertia was scaled down by a 
factor of (2/3)4.  Scaled information of the prestress properties and reinforcement are also shown 
in the table.  Other information such as cracking strength, Mcr, nominal strength, Mn, design load, 
Mu, of the test panels is also included in Table 7.1.  These design values were individually 
computed using design calculations described in Chapter 5, and a scale factor of (2/3)3 as a 
similitude requirement is almost satisfied.   
 
Figures 7.2 and 7.3 show detailed drawings of two test panels.  Plan and section views for 
both test panels are shown in the figures, and detailed drawings at insulation layers and M-tie 
location are also shown.  Hereafter, the 2/3-scale test panel of the prototype 1-2 rib panel is 
referred to as Panel 1 (Figure 7.2), and the 2/3-scale test panel of the prototype 2-3 rib panel is 
referred to as Panel 2 (Figure 7.3). 
 
Each test panel is 8 in. thick and consists of three 2 in. concrete wythes separated by two 
1 in. layers of insulation (2-1-2-1-2 panel).  Each panel measures 6 ft. 8 in. wide by 37 ft. long in 
plan.  The design span of all test panels is 35 ft.   
 
The total width of the concrete ribs is the same for both Panel 1 and Panel 2.  Panel 1 
contains one 16 in. concrete rib at bottom insulation layer and two 8 in. concrete rib at top 
insulation layer as shown in Figure 7.2(a).  Panel 2 contains two 4 in. and one 8 in. concrete rib 
at bottom insulation layer and two 8 in. concrete rib at top insulation layer as shown in Figure 
7.3(a). 
 
In both panels, prestress strands are placed only in the center wythe, and 4 out of 7 
strands are partially debonded by 4 ft.  When the scaling down the prototype panels, because the 
size of the strand could not be easily scaled down, the number of strands was adjusted to have 
the same prestress level and was rounded to near integer number.  As a result, seven-7/16 in. 
diameter Grade 270 strands were used.  In rounding up the number of strands, an error occurred 
and this is why the initial prestress and the effective prestress are not exactly the same for the 
prototype and test panels in Table 7.1.   
 
Welded wire reinforcement (hereafter referred to as WWR) was used for longitudinal and 
transverse reinforcements, and each concrete wythe of the test panels contained 18×18-W4×W4 
WWR.  Using the WWR has several advantages in the test panels.  For measuring strains in the 
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test panels, strain gages were mounted on the WWR.  Using the WWR made an easy and fast 
installation of the instrumentation in panel manufacturing process, and also location of the gages 
could be ensured by spacing of the WWR.  Because 18×18-W4×W4 WWR is not readily 
obtainable, it was made by cutting wires from 6×6-W4×W4 WWR.   
 
M-ties were used as wythe connectors, and a photograph of the M-tie connector used in 
this research is shown in Figure 7.4.  Geometry and material properties are described in Section 
5.2.2.4.  The size of the M-ties was not scaled, but the spacing was scaled.  Typically, the M-ties 
are spaced at 24 in. on center to center in practice, and these were spaced at 16 in. on center to 
center in test panels.  Installed locations for the wythe connectors are shown in Figures 7.2(b) 
and 7.3(b).   
 
Design material properties for the test panels are approximately the same as specified in 
Chapters 5 and 6, and they are summarized in Table 7.2.  Both Panel 1 and Panel 2 were 
designed using a concrete compressive strength of fci’=3500 psi at transfer of prestress force, and 
a 28-day compressive strength of fc’=6000 psi.   
 
No attempt was made to alter or disrupt the bond between the concrete wythes and the 
insulation.  Therefore, the shear transfer mechanisms which may contribute to composite action 
of this panel, are solid concrete ribs, metal wythe connector, M-tie connector, and bond between 
the concrete wythes and insulation. 
 
Each panel has eight lifting points for handling and their locations are shown in Figure 
7.2(a) and 7.3(a).  Special removable lifting hardware was used to eliminate the shear transfer 
contribution through lifting inserts.  Figure 7.5 shows a removable lifting insert before being 
embedded in the test panels.  Two steel bars welded on coupling nut supports each concrete 
wythe.  For lifting, swivel plates were attached to removable rods which were threaded into 
coupling nuts that were anchored in the back, center, and face wythes of concrete.  During 
testing the threaded rods were removed.  This lifting hardware allowed for no shear transfer 
mechanism between wythes through the lifting hardware.  Also shown in Figure 7.5 is the 
WWR. 
 
7.3 PANEL FABRICATION 
Figure 7.6 shows the formwork for Panel 1 and Panel 2 installed on the casting bed prior 
to concrete placement.  Shown in the photograph is the face wythe WWR positioned on chairs.  
Figure 7.7 shows the start of the placement of concrete.  Also shown in this photograph are two 
removable inserts.  Face wythe concrete was placed and compacted by vibration.  
 
Next, the bottom insulation layer was placed at the top of the face wythe concrete and M-
ties were inserted at proper location by punching through the insulation sheet.  Figure 7.8 shows 
placement of insulation sheets and M-ties.  
 
In the next step, prestress strands were placed at center wythe and pulled to the specified 
design load.  Four out of seven strands were debonded over a 4 ft. length at both ends of each 
panel using split plastic sleeves, and center wythe WWR was placed on top of the strands.  
Center wythe concrete was placed and compacted by vibration.  Figure 7.9 shows center wythe 
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prestress strands and Figure 7.10 shows center wythe WWR and placement of concrete for Panel 
1. 
Next, the top insulation sheet was placed and M-ties were inserted.  The back wythe 
WWR was then placed and concrete was placed.  Figure 7.11 shows the back wythe WWR and 
placement of concrete.  Finally, back wythe concrete was finished and Figure 7.12 shows the 
initial finishing of the back wythe concrete.  The panels were covered with plastic sheets, and 
cured for one day.   
 
 On next day, concrete cylinders were tested to verify concrete strength at transfer, fci’, 
and each prestress strand was cut at each panel end at the same time with a saw.  Partially 
debonded strands were cut first, and then bonded strands were cut next.  Figure 7.13 shows a 
strand being cut to transfer the prestress.  Panels were positioned flat at all times during handling 
and storage.  Figure 7.14 shows the panel handling right after lifting off from the casting bed.  
Panels were placed outdoors at the plant and kept there for about 20 days, at which point they 
were shipped to the laboratory.  During shipping and storage, the test panels were supported 
across the panel width at lifting point locations shown in Figures 7.2 and 7.3. 
 
7.4 TEST FIXTURE 
Drawings of the test fixture are given in Figure 7.15.  For this test program, each panel 
was tested in a horizontal position with simply supported end conditions.  Load was applied from 
beneath the panel as a uniform pressure using an air bladder.  No axial load was applied to the 
panel. 
 
End supports were provided by two reaction beams constructed from steel wide flange 
sections, and two 1.5 in. thick 6 in. by 8 in. pieces of wood were placed between the test panel 
and each reaction beam, as shown in Figure 7.15.  In an actual panel, the solid concrete regions 
are the locations where the external connections can be possibly placed.  As a result, the force 
transfer of the lateral load is through these solid concrete regions.  The wood pieces were 
inserted to locate the reaction at the correct location on each panel.  Each panel spanned 35 ft. 
center-to-center of the reaction beams. 
 
The upward applied load was transmitted to the laboratory floor through a total of four 
tension links, one at each end of the two reaction beams.  The tension links, which are shown in 
Figure 7.16, consisted of high strength steel rods with a forged steel clevis threaded on each end.  
The links were instrumented as full bridge load cells to measure the reaction forces of the 
reaction beams.  As shown in Figures 7.17 and 7.18, the top ends of the tension links were 
pinned to tabs welded to the bottom flanges of the reaction beams.  The bottom ends of the 
tension links were attached to steel tabs that were bolted to the laboratory floor. 
 
At one end of the span, lateral movement of the panel was restrained to simulate a pinned 
end condition.  The assembly of the reaction beam and the lateral brace is shown in Figure 7.17.  
Lateral movement of the panel was permitted at the opposite end of the panel, simulating a roller 
support. 
 
A uniform pressure load was applied from beneath the panel using a two-cell air bladder 
constructed from a rubber coated heavy-duty fabric.  The air bladder measured 32 ft. by 6 ft. in 
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plan.  Its two-cell construction allowed the air bladder to inflate to a vertical displacement of 
over 12 in. without any significant loss of surface contact area.  The air bladder was filled using 
compressed air from the laboratory.  Airflow into the bladder was monitored and regulated using 
a pressure regulator.  Precast concrete spacer blocks were used as a reaction surface for the air 
bladder and to reduce the required vertical displacement of the air bladder.  Figure 7.19 shows 
the air bladder in place on the spacer blocks, prior to the placement of the test panel and reaction 
hardware. 
 
The panel is supported by the air bladder during early lift-off stage before four links 
become engage in tension.  Therefore, a state of equilibrium exists between the air bladder and 
the panel in which the total force exerted by the air bladder is equal to the self-weight of the 
panel.  However, during this lift-off, the panel is not subjected to a full uniformly distributed 
load along its entire length because the air bladder is only 32 ft. long, while the test panel is 37 ft. 
long.  This creates a total unsupported length of 2.5 ft. at each end of the panel.  This 
unsupported self-weight, along with the weight of the reaction beams and other test fixture 
hardware, causes some initial bending of the panel as lift-off occurs. 
 
To compensate for this, an upward concentrated load was applied at each end of the 
panel.  The concentrated loads were applied using two 30-ton capacity hydraulic flat jacks placed 
at mid-width of the panel, 1 ft. from the end of the panel.  Figure 7.20 shows the placement of a 
flat jack at one end of a test panel.  The point load to be applied to each panel end was calculated 
based on the fixture self-weight and on the unsupported panel self-weight.  For Panel 1 and Panel 
2, 1700 lbs. upward force was applied at each end. 
 
Prior to loading, the test panel was supported around its perimeter on 3.5 in. × 3.5 in. 
wood blocks, which were set on top of the concrete spacer blocks.  This prevented the test panel 
from resting directly on the air bladder.  Figure 7.21 shows a test panel in place in the fixture.  
After the test panel is placed in the fixture, the reaction beams, tension links and lateral braces 
are installed.  The test fixture is shown fully assembled with a test panel in Figure 7.22.  The test 
panel is actually under load, and it can be seen in the figure that midspan of the panel is 
displaced upward off of the 3.5 in. × 3.5 in. wood blocks around its perimeter. The fixture also 
includes several braces which were intended to limit the amount of lateral and vertical 
displacement of the panel in the case of catastrophic failure of the panel during testing. 
 
7.5 INSTRUMENTATION 
Several different types of instruments were utilized during testing.  All test panels were 
instrumented in a similar manner as shown in Figure 7.23.  Embedded electrical resistance strain 
gages were used to measure the strains across the width and through the thickness of the panel.  
Differential movement between the three concrete wythes was monitored using linear variable 
differential transformers (LVDTs).  Vertical deflection of the panel was measured using 
displacement potentiometers.  As noted earlier, load cells in the steel tension links were used to 
measure the force applied to the panel. 
 
Figure 7.24 shows a typical an embedded strain gage attached to WWR.  This gage was 
used to monitor strains throughout the panel depth and width so that plane section behavior and 
any shear leg effect could be evaluated.  CEA-06-125UN-350 strain gages manufactured by 
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Measurements Group, Inc. were used, and they have a 1/8 in. gage length.  The gages were 
applied to the WWR, and in order to reduce the bending effect of the wire, all strain gages were 
attached to the side of the wire.  All gages were sealed and waterproofed prior to concrete 
placement.  Attaching strain gages on WWR was done at the laboratory, and the instrumented 
WWR was delivered to the precast plant to make the specimens.   
 
Embedded strain gages were placed at quarter span and midspan of the panel, with nine 
strain gages at each location.  Three strain gages were placed at each wythe over the half width 
as shown in Figure 7.23.  These strain measurements are used to evaluate the strain distribution 
in the panel at the transfer of prestress force and during the flexural tests.  
 
Four LVDTs were placed at each end of the panel as shown in Figure 7.25.  These 
instruments were used to measure the relative displacement between the three concrete wythes.  
The relative displacements were measured at the center of each wythe and they were installed 
through the depth of the panel where the solid concrete ribs are located.  All LVDTs used in this 
test had a linear range of ±0.25 in. 
 
Displacement potentiometers were attached to the top surface of the panel via a wire.  
These instruments were used to measure lateral displacements under load.  All potentiometers 
were mounted to steel frames that spanned across the width of the panel as shown in Figure 7.22.  
There were four reference displacements that were measured, one at each corner of the test 
panel.  These measurements were necessary because, as explained earlier, the panel experienced 
a small amount of vertical displacement until the tension links began to engage and take on load.  
This vertical displacement is due to the air bladder overcoming the self-weight of the panel.  
After the tension links engaged, these values of reference displacement remained constant.  
These values form the reference for all other displacements of the panel at the quarter spans and 
at midspan. 
 
As shown in Figure 7.23, potentiometers were used to measure the displacements of the 
panel at the quarter spans and at midspan.  These displacements were used to determine the 
deflected shape of the panel. 
 
Four load cells were used to measure the load applied to the panel by the air bladder.  
Actually, the total load measured is the reaction force of the reaction beams, and the total load is 
smaller than the applied force by the air bladder due to the self-weight of the panel. 
 149
  Property Prototype panels Test panels 
Wythe thickness 3-1.5-3-1.5-3 2-1-2-1-2 
Panel thickness, t 12 in. 8 in. 
Width, b 10 ft. 6 ft. 8 in. 
Panel 
geometries 
Span length, L 52.5 ft. 35 ft. 
Concrete area, Ac 1152 in.2 512 in.2 
Moment of inertia, Ic  
(composite panel) 15770 in.
4 3115 in.4 Section properties 
Moment of inertia, Inc  
(non-composite panel) 1188 in.
4 235 in.4 
Prestress strand 
location Center wythe only Center wythe only 
Prestress strand 16-7/16 in. dia. 270k low-relaxation strand 
7-7/16 in. dia. 270k 
low-relaxation strand 
Debonding  8 strands 6 ft. debond 4 strands 4 ft. debond 
Initial prestress, fci 302 psi 298 psi 
Prestress 
properties 
Effective prestress, fce 257 psi 253 psi 
Longitudinal 
reinforcement 3-#3 18×18-W4×W4 
Transverse 
reinforcement 18-#3 18×18-W4×W4 
Additional 
reinforcements 
Wythe connector ¼  in. dia. M-tie 24 in. C.T.C. spacing 
¼  in. dia. M-tie 
18 in. C.T.C. spacing 
Cracking strength, Mcr 2200 k⋅in. 650 k⋅in. 
Nominal strength, Mn 2970 k⋅in. 950 k⋅in. Design values 
Design load, Mu 1720 k⋅in. 510 k⋅in. 
 
Table 7.1 Properties of the prototype and test panels. 
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 Compressive strength at transfer of prestress force, fci’ 3500 psi 
Compressive strength at 28 days, fc’ 6000 psi 
Modulus of elasticity at transfer of prestress force, Eci 3372 ksi 
Concrete 
Modulus of elasticity at 28 days, Ec 4415 ksi 
Minimum compressive strength 25 psi 
Insulation 
Minimum flexural strength  75 psi 
Yield strength, fpy 243 ksi 
Maximum strength, fpu 270 ksi Prestress strand 
Elastic modulus, Eps 28500 ksi 
WWR Yield strength, fyw 75 ksi 
M-tie Yield strength          - 
 
Table 7.2 Summary of design material properties. 
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Figure 7.4  M-tie metal wythe connector. 
 
 
 
Figure 7.5  Removable lifting insert prior to concrete placement. 
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Figure 7.6  Formwork for Panel 1 and Panel 2 prior to concrete placement. 
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Figure 7.7  Face wythe WWR and placement of concrete. 
 
 
 
Figure 7.8  Bottom insulation sheets and M-tie installation. 
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Figure 7.9  Center wythe prestress strands. 
 
 
 
Figure 7.10  Placement of center wythe concrete. 
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Figure 7.11  Placement of back wythe concrete. 
 
 
 
Figure 7.12  Initial finishing of the back wythe concrete. 
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Figure 7.13  Strand cutting. 
 
 
 
Figure 7.14  Panel handling right after lifting off from the casting bed. 
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Figure 7.16  Steel tension links instrumented as a full bridge load cell. 
 
 
 
 
Figure 7.17  Assembly of the south end of the fixture with a test panel in place. 
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Figure 7.18  Steel tab to transmit load from the tension link to the laboratory floor. 
 
 
 
 
Figure 7.19  Air bladder shown in place on the concrete spacer blocks prior to placement 
of test specimen. 
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Figure 7.20  Hydraulic flat jack positioned between the test panel and spacer blocks. 
 
 
 
 
Figure 7.21  Test panel in place. 
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Figure 7.22  Test panel in place with test fixture fully assembled (under load). 
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Figure 7.24  Typical embedded strain gage attached to WWR prior to application of  
                     waterproofing. 
 
 
 
Figure 7.25  LVDT installation at the north end of Panel 2. 
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CHAPTER 8 
FLEXURAL TEST RESULTS 
 
8.1 INTRODUCTION 
This chapter presents the results of the flexural tests.  Also included in this chapter are the 
measurements of strains in the test panels created by the transfer of prestress.  This chapter 
focuses on a presentation of the results.  Much of the discussion of the results is postponed until 
Chapter 9. 
 
Prior to presenting test results, actual concrete strength and geometry of the test panels 
are given in Section 8.2.  Section 8.3 presents the results of measurements of strains in the panel 
caused by the transfer of the prestress force.  Lateral load test results are presented in Sections 
8.4 through 8.6.  Section 8.4 describes the loading procedure used to test the panels, and explains 
the format used to present the results of each panel test.  Section 8.5 summarizes the test results 
of Panel 1, the 1-2 rib three-wythe sandwich wall panel, and Section 8.6 summarizes the test 
results of Panel 2, the 2-3 rib three-wythe sandwich wall panel. 
 
8.2 CONCRETE STRENGTH AND GEOMETRY OF TEST PANELS 
 The concrete compressive strengths obtained from concrete cylinder tests are shown in 
Table 8.1.  The concrete compressive strength at prestress transfer, fci’, was measured at the 
precast plant 20 hours later after the concrete is placed, and it was 5910 psi for both Panel 1 and 
Panel 2.   
 
For the concrete compressive strength on a testing day, fc’, four concrete cylinders were 
tested for Panel 1, and the average concrete compressive strength was 8820 psi at 33 days.  For 
Panel 2, two concrete cylinders were tested, and the average concrete compressive strength was 
9500 psi at 48 days.  These actual concrete strengths are used to compute modulus of elasticity, 
modulus of rupture, cracking and flexural strengths of the test panels. 
 
The actual thicknesses of the panels were verified by taking several cores from the test 
panels.  The cores were taken after the flexural tests.  Figure 8.1 shows panel layer thicknesses at 
the core locations.  Two cores were taken from Panel 1.  One is from the midspan flexural crack 
region, and the other is from the initial crack region (explained in Section 8.3) at north end.  As 
indicated in Figure 8.1(a), the thickness of Core A is 2.00 – 1.0 – 1.75 – 1.0 – 2.25 in. from top 
to bottom, and it is 1.50 – 1.0 – 2.50 – 1.0 – 2.00 in. for Core B.  Figure 8.2 is a photograph of 
Core B.  Indicated in the figure is a wire from the WWR, and it has 0.25 in. concrete cover. 
 
Three cores were taken from Panel 2 as shown in Figure 8.1(b), and the thickness of each 
core are indicated in Figure 8.1(b).  Figure 8.3 is a photograph of Core C.  Indicated in the figure 
is a strand, and it is located in the middle of the core.  
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 Panel 1 Panel 2 
Compressive strength at 
 prestress transfer, fci’ 
5910 psi 
(20 hrs.) 
5910 psi 
(20 hrs.) 
Compressive strength on  
a testing day, fc’ 
8820 psi 
(33 days) 
9500 psi 
(47 days) 
 
Table 8.1 Concrete compressive strength. 
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N  
 
Test panel in plan view 
midspan 
23 in. 
74 in. 28 in. 
Core B 
Core A 
210 in.
   
 
 
 
 
 
 
 
 
 
Thicknesses of the panel at core locations from the face wythe to the back wythe (in.): 
Core A: 2.25 – 1.0 – 1.75 – 1.0 – 2.00 
Core B: 2.00 – 1.0 – 2.50 – 1.0 – 1.50 
 
(a) Panel 1  
 
 
 N 
 
 
 
 
 
 
 
 
 
 
 
 
28 in. 
Core C 48 in. 
Test panel in plan view 
92 in. 
midspan 
34 in. 
Core E 
Core D 
22 in. 
 
 
Thicknesses of the panel at core locations from the face wythe to the back wythe (in.): 
Core C: 2.00 – 1.0 – 2.25 – 1.0 – 1.75 
Core D: 2.25 – 1.0 – 2.25 – 1.0 – 1.50 
Core E: 2.25 – 1.0 – 2.00 – 1.0 – 1.75 
 
(b) Panel 2  
 
      Figure 8.1 Thicknesses of the test panels at core locations. 
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WWR  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 Figure 8.2 A concrete core taken from Panel 1 (Core B). 
 
 
 
 
strand 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 Figure 8.3 A concrete core taken from Panel 2 (Core C). 
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8.3 STRAIN MEASUREMENTS AT TRANSFER OF PRESTRESS  
Panel strains were measured before and after the transfer of prestress using the embedded 
strain gages which were described in Section 7.5 with a Vishay P-3500 strain indicator.  The 
strain indicator was balanced with a precision resistor before connecting the embedded gages, 
and it was also balanced every 3~5 gages to eliminate any drift that may have occurred. 
 
Each measurement was comprised of a set of two readings.  The first strain reading (ε1) 
was used as reference point and was made right before the transfer of prestress.  The second 
strain reading (ε2) was made right after the transfer of prestress.  The difference between the first 
and the second readings (ε2 - ε1) represents the strain caused by the prestress force.  Strain values 
were converted to stress (σpt) using the elastic modulus (Eci) corresponding to the initial concrete 
compression strength obtained from the cylinder compression tests.  
 
 Tables 8.2 through 8.5 show the prestress strains and stresses measured from Panel 1 and 
Panel 2.  Each table shows strain measurements of nine stain gages, and the location of each 
gage is also included.  Some gages failed during the panel manufacture process, and no values 
are reported in the tables for these cases.  In computing stress (σpt) from the prestress strain (ε2 - 
ε1), the experimentally measured initial concrete compressive strength at prestress transfer, fci’, 
was used, and was 5910 psi.  Then, the initial concrete elastic modulus, Eci, was calculated as Eci 
= 57000 'cif = 4380 ksi.  Prestress strain plots over panel width and depth are included in 
Section 9.3, and the test results were compared with the analytical results obtained from Section 
6.4.2. 
 
After the transfer of prestress, cracks were observed in the concrete in both Panel 1 and 
Panel 2.  Additional cracks were observed after the panels were delivered to the laboratory.    
Figure 8.4 shows the observed crack patterns in each panel.  It is not clear whether these 
initial cracks already existed before the transfer of prestress, but it is clear that cracks were 
present after the transfer of prestress.  In Figure 8.4, dotted lines represent the cracks observed 
right after the transfer of prestress, and solid lines represent the additional cracks which occurred 
during panel storage, shipping, or handling.  The dotted line initial cracks were observed and 
marked after the prestress force was transferred, but before the panels were removed from the 
casting bed.  Solid line cracks were observed and marked at the laboratory after each panel was 
delivered.   
 
As shown in Figure 8.4, Panel 1 has more initial cracks than the Panel 2 and, especially, 
at a distance of L/4 along the span from the north end of panel as it was placed in its final 
position in the test fixture.  In many locations, the initial crack pattern in Panel 1 is in a grid 
pattern, and the crack locations coincided with the 18 in. × 18 in. WWR spacing.  Figure 8.5 is a 
photograph crack pattern on the north end of Panel 1.  The grid crack pattern of 18 in. × 18 in. 
spacing is clearly shown in the photograph.  In Figure 8.5, the initial cracks were marked with 
marker, and the crack width measured was in a range of 0.002 to 0.007 in.  Possible explanations 
for the cause of the initial cracks are discussed in Section 9.3. 
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Wythe 
Location 
across width 
of panel 
Strain before 
transfer 
ε1 (µε) 
Strain after 
transfer 
ε2 (µε) 
Prestress strain 
ε2 − ε1 
Stress(1) 
σpt (psi) 
W/2 - - - - 
W/4 - - - - Back wythe 
Edge 14 -33 -47 -206 
W/2 77 22 -55 -241 
W/4 827 777 -50 -219 Center wythe 
Edge 70 33 -37 -162 
W/2 -1 -57 -56 -245 
W/4 84 16 -68 -297 Face wythe 
Edge -513 -571 -58 -254 
(1) Stress calculation (σpt = Eci × (ε2 − ε1),  where Eci = elastic modulus of concrete, 4380 ksi). 
Table 8.2  Measured strains and corresponding stresses in Panel 1 at L/4 span. 
 
 
Wythe 
Location 
across width 
of panel 
Strain before 
transfer 
ε1 (µε) 
Strain after 
transfer 
ε2 (µε) 
Prestress strain 
ε2 − ε1 
Stress(1) 
σpt (psi) 
W/2 224 184 -40 -175 
W/4 - - - - Back wythe 
Edge -527 -567 -40 -175 
W/2 848 812 -36 -158 
W/4 98 49 -49 -215 Center wythe 
Edge 111 90 -21 -92 
W/2 918 857 -61 -167 
W/4 -104 -170 -66 -289 Face wythe 
Edge -593 -666 -73 -320 
(1) Stress calculation (σpt = Eci × (ε2 − ε1),  where Eci = elastic modulus of concrete, 4380 ksi). 
Table 8.3  Measured strains and corresponding stresses in Panel 1 at L/2 span. 
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Wythe 
Location 
across width 
of panel 
Strain before 
transfer 
ε1 (µε) 
Strain after 
transfer 
ε2 (µε) 
Prestress strain 
ε2 − ε1 
Stress(1) 
σpt (psi) 
W/2 - - - - 
W/4 -120 -160 -40 -175 Back wythe 
Edge - - - - 
W/2 -87 -139 -52 -228 
W/4 -333 -363 -30 -131 Center wythe 
Edge - - - - 
W/2 -683 -742 -59 -258 
W/4 -454 -512 -58 -254 Face wythe 
Edge -115 -172 -57 -250 
(1) Stress calculation (σpt = Eci × (ε2 − ε1),  where Eci = elastic modulus of concrete, 4380 ksi). 
Table 8.4  Measured strains and corresponding stresses in Panel 2 at L/4 span. 
 
 
Wythe 
Location 
across width 
of panel 
Strain before 
transfer 
ε1 (µε) 
Strain after 
transfer 
ε2 (µε) 
Prestress strain 
ε2 − ε1 
Stress(1) 
σpt (psi) 
W/2 - - - - 
W/4 -320 -340 -20 -88 Back wythe 
Edge 124 102 -22 -96 
W/2 -628 -680 -52 -228 
W/4 -138 -170 -32 -140 Center wythe 
Edge 15 -24 -39 -171 
W/2 -531 -583 -52 -228 
W/4 -468 -519 -51 -223 Face wythe 
Edge -539 -582 -43 -180 
(1) Stress calculation (σpt = Eci × (ε2 − ε1),  where Eci = elastic modulus of concrete, 4380 ksi). 
Table 8.5  Measured strains and corresponding stresses in Panel 2 at L/2 span. 
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Figure 8.5  Crack pattern at the north end of Panel 1. 
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8.4 LATERAL LOAD TEST 
8.4.1 General Loading Procedure 
As explained earlier, both panels were tested in a horizontal position with simply 
supported end conditions.  Each panel was subjected to a uniform pressure lateral load using an 
air bladder positioned beneath the test panel.  No axial load was applied.  The general test 
loading procedure is summarized as follows: 
 
1. Panel was inspected and all cracks were recorded prior to loading. 
2. Data acquisition system was turned on. 
3. Hydraulic pump was turned on for flat jacks at each end of the panel. 
4. Reference data was taken.  
5. Lateral load was applied by filling the air bladder. 
6. Test data were recorded and crack patterns were marked as the lateral load was 
applied. 
 
Early in the loading process, the panel had to experience a small amount of lift-off from 
its wooden supports before engaging the tension links against the lab floor.  During this lift-off, 
the panel was supported by the air bladder and the two small flat jacks.  Therefore, a state of 
equilibrium existed between the air bladder, flat jacks, and the test panel, in which the total 
upward force exerted by the air bladder and flat jacks was equal to the self-weight of the panel.  
This state of equilibrium existed until the bladder inflated enough to cause the tension links to 
fully engage and resist further lift-off. 
 
Throughout the test, load-deflection behavior, i.e. total link force vs. midspan deflection, 
was monitored.  Until the first crack occurred, the airflow into the bladder was adjusted so that 
load was applied at a rate of about 10 to 15 lbs. per second.  As the specimen softened in 
bending, the loading rate decreased.  The airflow into the bladder was adjusted so that midspan 
displacement was controlled at a rate of about 0.1 to 0.2 in. per minute.  Neither test panel 
exhibited failure by crushing of the concrete in the compression zone in flexure.  Instead, both 
panels became increasingly more flexible as the tests progressed to the point where midspan 
deflection continued to increase with relatively little increase in resistance.  Loading was stopped 
when the maximum midspan deflection of the panels reached approximately 6.5 in.  This 
corresponds to a deflection of about L/65.  The panels were then unloaded by evacuating the air 
from the air bladder.  Test data was recorded throughout the process of loading and unloading 
each panel. 
 
In the data reduction for Panel 1 and Panel 2, the deflection values were adjusted as 
follows.  Even with the hydraulic flat jacks used to support the 2.5 ft. length of panel that is 
unsupported from the air bladder, there was still a small amount of initial midspan deflection 
(about 0.1 in.) prior to the tension links becoming fully engaged, and this deflection value was 
subtracted from all midspan deflection data. 
 
8.4.2 Format of Test Summaries 
The results for each panel are presented using the format described below.  For reference, 
the instrumentation plan was presented earlier in Figure 7.23. 
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1. A summary of the geometry and the experimentally determined material properties of the 
panel. 
2. Observations of the behavior of the panel during the test. 
3. A plot of lateral load versus lateral deflection.  Data is plotted for lateral deflection at 
midspan (L/2) and at the quarter points of the span (L/4 and 3L/4).  Lateral load is the 
total link force measured from four tension links described in Section 7.4.  For all plots 
total load is used for the lateral load or the total link force. 
4. Plot and table of lateral load versus lateral deflection at midspan, annotated to show 
where cracks were observed to occur in the tension wythe (back wythe).  Also included is 
a plan view drawing of the panel that shows the locations of the cracks, with the cracks 
numbered in the order in which they were observed to occur 
5. Plots of load versus relative displacement between wythes for each end of the panel. 
6. Plots of load versus strain.  Nine strain gage results at each L/4 and L/2 spans were 
plotted in one plot and then each wythe strains were plotted separately.  Positive strain 
indicates tension, while negative strain indicates compression.  Load versus strain curves 
are not shown for gages where that gage failed.  The key events indicated in Figures 
8.7(b) and 8.24(b) are annotated in the load versus strain plots. 
7. Plots of strain distributions over the panel width and depth at several selected loads.   
8. Photographs that show various details of the panel during the test. 
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8.5 PANEL 1  
Panel 1 was designed to investigate general flexural behavior and degree of composite 
action of 1-2 rib three wythe sandwich wall panel.  Panel 1 has one 16 in. wide concrete rib 
wythe connector between the face and center wythes, and two 8 in. concrete rib wythe 
connectors between the center and back wythes of the panel as shown in Figure 7.2. 
 
Under the lateral load, the panel may be loaded so that either the back or face wythe will 
be subjected to tension.  In this research, the lateral load test was performed with the face wythe 
in compression and the back wythe in tension.  From transverse bending point of view discussed 
in Section 6.6.4.1, the transverse bending is relatively larger under the pressure loading than 
under the suction loading as shown in Table 6.3.  Therefore, the flexural test was performed 
when the back wythe was subjected to tension. 
 
For the end supports, two 1.5 in. thick 6 in. by 8 in. pieces of wood were placed between 
the test fixture reaction beam and back wythe of the panel.  Their locations are right above the 
two 8 in. wide solid concrete ribs as shown in Figure 8.20.  The reason for using these pieces of 
wood was explained previously in Section 7.4.  
 
As shown in Table 8.1, the concrete compressive strength was 8820 psi at 33 days when 
Panel 1 was tested.  Constant compressive strength was assumed for all concrete wythes. 
 
The lateral load versus deflection plot of Panel 1 is shown in Figure 8.6.  In terms of 
deflection, the panel behaved in a symmetric manner, with the values of deflection at the two 
quarter points (L/4 and 3L/4) remaining nearly identical throughout the test.  
 
 Figure 8.7 shows the cracking behavior of Panel 1.  A load-deflection plot where cracks 
formed is shown in Figure 8.7(a).  Load and midspan deflection values when flexural cracks 
formed are shown in Figure 8.7(b).  A plan view of Panel 1 showing crack locations is shown in 
Figure 8.7(c).  Additionally, Figure 8.20 is a photograph of Panel 1 showing crack locations in 
place in the test fixture. 
 
Crack #1 was observed at an early stage of loading at a load of P=2520 lbs. and a lateral 
deflection of ∆=0.19 in.  Crack #1 was an extension of an existing initial crack.  No decrease in 
load or change in stiffness (indicated by a change in slope of the load-deflection plot) occurred as 
shown in Figure 8.7(a).  The panel behaved in a linear elastic manner up to a load of P=6930 lbs. 
and a lateral deflection of ∆=0.55 in.  Crack #2 formed at this point.  Crack #2 was also an 
extension of an existing initial crack, but a decrease in load occurred at this event.  In general, 
the formation of each flexural crack was associated with a distinct load drop in the load 
deflection plot.  After Cracks #2 and #3 formed, a reduction of panel flexural stiffness was 
observed.  As load increased, several additional flexural cracks developed and more rapid 
deflection increase was observed.  Crack #7, which was not associated with previous existing 
initial cracks, formed at a load of P=11540 lbs. and a lateral deflection of ∆=2.10 in.  Audible 
sound was heard at Cracks #7 and #10, and it was thought to be flexural cracking of the concrete 
from the concrete and/or debonding of the insulation from the concrete.  
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The panel was loaded up to at a maximum load of P=14010 lbs. and a corresponding 
lateral deflection of ∆=6.50 in.  The test was terminated at this point and the panel was unloaded.  
Figures 8.21 and 8.22 show deflected shapes of Panel 1 at two different stages in loading.   
 
 Figures 8.8 and 8.9 show relative displacement between each wythe at each end of Panel 
1.  For the test hardware used, the smallest measurable increment in displacement was 0.0004 
inches.  As shown in Figures 8.8 and 8.9, there was no relative displacement up to a load of 
P=11330 lbs.  Then, the relative displacement tended to occur and increase after Crack #6 
formed (P=11330 lbs., ∆=1.95 in.).  In addition, at the same load, a clear displacement jump is 
shown in Figure 8.9 for LVDT 8. 
 
 Figures 8.10 through 8.17 show load versus strain plots for Panel 1.  All strain 
measurements from the nine strain gages at L/4 span are shown in Figure 8.10.  For this location 
in the panel, the strains measured in each wythe are shown individually in Figures 8.11, 8.12, 
and 8.13.  In three figures, “W/2”, “W/4”, and “edge” represent the strain gage location across 
the width of the panel.  As shown in Figure 8.10, the three face wythe strains were negative, 
which means they were in compression, and the strains in the center and back wythes were 
positive, which means they were in tension throughout the test.  At an early stage of loading, all 
strains increased linearly with load.  The face wythe strains were in compression, and the center 
wythe strains were close to zero, and the back wythe strains were in tension.  Then, after Crack 
#3 formed (P=7760 lbs.), a larger strain increase related to load was observed.  Lines a (P=10570 
lbs.) and b (P=12890 lbs.) shown in Figures 8.10 through 8.13 are associated with Cracks #4 and 
#9.  At these loads, strains increased rapidly with load or constant strain variation was changed.  
This is because Cracks #4 and #9 formed near the strain gage location at L/4 span.   
 
All strain measurements from the nine strain gages at L/2 span are shown in Figure 8.14.  
For this location in the panel, the strains measured in each wythe are shown individually in 
Figures 8.15, 8.16, and 8.17.  As similar to the strains at L/4 span, the three face wythe strains 
were in compression, and the strains in the center and back wythes were in tension throughout 
the test as shown in Figure 8.14.  Also, at an early stage of loading, all strains increased linearly 
with load.  Then, after Crack #3 formed (P=7760 lbs.), a larger strain increase related to load was 
observed.  Lines c (P=7760 lbs.) and d (P=13790 lbs.) shown in Figures 8.14 through 8.17 are 
associated with Crack #3 and the maximum load.  At these loads, strains increased rapidly with 
load or constant strain variation was changed.  This is because Crack #3 formed near the strain 
gage location at L/2 span.   
 
Figure 8.18 shows strain distributions of Panel 1 across the panel width at selected loads 
of 3010, 6010, 9990, and 14000 lbs.  Each wythe strains at L/4 and L/2 spans are shown, and 
plotted to the same scale.  From Figure 8.18, all strain distributions across the panel width are 
relatively uniform at lower loads (P=3010 and 6010 lbs.).  However, strain distributions become 
non-uniform at higher loads (P=9990 and 14000 lbs.) in the back and center wythes.  In addition, 
from the non-uniform strain distributions, larger strains were measured at panel edge location 
than mid-width or quarter width of the panel.  On the other hand, for the face wythe strains, the 
strains at L/4 and L/2 spans were uniform across the panel width for both lower and higher loads. 
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Figure 8.19 shows strain distributions of Panel 1 through the panel depth at the same 
selected loads of 3010, 6010, 9990, and 14000 lbs.  The strains at three different panel width 
locations are shown for both L/4 and L/2 spans, and plots have the same scale.  In Figure 8.19, 
strain distributions through the panel depth are relatively linear at lower loads (P=3010 and 6010 
lbs.) for all three panel width locations, and neutral axes where the strain is zero are located at 
the center wythe.  However, strain distributions become non-linear at higher loads (P=9990 and 
14000 lbs.), and the neutral axes move to the face wythe.  As noted previously, the panel edge 
strains were relatively larger than the strains at mid-width or quarter width of the panel, and this 
is also shown in Figure 8.19.   
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Figure 8.6  Plot of lateral load versus lateral deflection for Panel 1.
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Figure 8.8  Relative displacement at south end for Panel 1.
Figure 8.9  Relative displacement at north end for Panel 1.
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Figure 8.10  Load versus strains at L/4 span for Panel 1.
Figure 8.11  Load versus back wythe strains at L/4 span for Panel 1.
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Figure 8.12  Load versus center wythe strains at L/4 span for Panel 1.
Figure 8.13  Load versus face wythe strains at L/4 span for Panel 1.
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Figure 8.14  Load versus strains at L/2 span for Panel 1.
Figure 8.15  Load versus back wythe strains at L/2 span for Panel 1.
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Figure 8.16  Load versus center wythe strains at L/2 span for Panel 1.
Figure 8.17  Load versus face wythe strains at L/2 span for Panel 1.
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 Figure 8.21  Deflected shape of Panel 1 in midspan region at P=12650 lbs. and  
                     midspan deflection ∆=3.21 in. 
 
 
Figure 8.22  Deflected shape of Panel 1 in midspan region at maximum load  
                     P=14010 lbs. and midspan deflection ∆=6.50 in.  
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8.6 PANEL 2 
Panel 2 was designed to investigate general flexural behavior and degree of composite 
action of 2-3 rib three wythe sandwich wall panel.  Panel 2 has one 8 in. and two 4 in. wide 
concrete rib wythe connectors between the face and center wythes, and two 8 in. concrete rib 
wythe connectors between the center and back wythes of the panel as shown in Figure 7.3. 
 
Similar to Panel 1, the lateral load test was performed with the face wythe in compression 
and the back wythe in tension.  The panel transverse bending is relatively larger under the 
pressure loading than under the suction loading as shown in Table 6.8. 
For the end supports, two 1.5 in. thick 6 in. by 8 in. pieces of wood were placed between 
test fixture reaction beam and back wythe of the panel.  Their locations are right above the two 8 
in. wide solid concrete ribs as shown in Figure 8.37. 
 
As shown in Table 8.1, the concrete compressive strength was 9500 psi at 48 days when 
Panel 2 was tested.  Constant compressive strength was assumed for all concrete wythes. 
 
The lateral load versus deflection plot of Panel 2 is shown in Figure 8.23.  Similar to 
Panel 1, the panel behaved in a symmetric manner in terms of deflection, with the values of 
deflection at the two quarter points (L/4 and 3L/4) remaining nearly identical throughout the test. 
 
Figure 8.24 shows the cracking behavior of Panel 2.  Format of the figure is the same as 
previously shown in Figure 8.7.  Additionally, Figure 8.37 shows a photograph of Panel 2 
showing crack locations in place in the test fixture. 
 
 Crack #1e was observed at a load of P=7950 lbs. and a lateral deflection of ∆=0.53 in.  
Crack #1e occurred at midspan of the panel.  This crack formed across about one half width of 
the back wythe, and did not go across the entire width of the panel.  While the typical flexural 
crack in Panel 1 went across the entire width of the panel when the crack formed, several flexural 
cracks in Panel 2 did not go across the entire panel width.  The panel exhibited a linear load-
deflection response up to the first cracking load, and then a reduction of panel flexural stiffness 
was observed.  Crack #2e occurred at a load of P=8810 lbs. and a lateral deflection of ∆=0.66 in.  
Crack #2e was an extension of an existing initial crack, and this crack also did not go across 
entire width of the panel.  Crack #3 occurred right after the Crack #2e formed, and this crack 
went across the entire width of the panel.  As load increased, several additional flexural cracks 
formed and half width cracks developed early extended to the entire width of the panel.  Figure 
8.40 shows a typical flexural crack.  The crack shown in Figure 8.40 is Crack #5 in Panel 2, and 
it was marked on the specimen using felt-tipped markers.  Audible sound was heard at Crack 
#10, and it was thought to be flexural cracking of the concrete and/or debonding of insulation 
from the concrete.  Crack #11 is an extension of earlier flexural crack that had occurred as shown 
in Figure 8.24.   
 
The panel was loaded up to at a maximum load of P=15210 lbs. and a corresponding 
lateral deflection of ∆=6.42 in.  The test was terminated at this point and the panel was unloaded.  
Figures 8.38 and 8.39 show the deflected shape of Panel 2 at two different stages in loading. 
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Figures 8.25 and 8.26 show relative displacement between each wythe at each end of 
Panel 2.  As shown in Figures 8.25 and 8.26, there was no relative displacement for each end 
throughout the test.   
 
Figures 8.27 through 8.30 show load versus strain plots for Panel 2 at L/4 span.  These 
plots are organized in the same manner as for Panel 1.  Panel edge strains in the back and the 
center wythes are not shown due to gage failures.  As shown in Figure 8.27, the three face wythe 
strains were in compression, and the strains in the center and back wythes were in tension 
throughout the test, same as the results of Panel 1.  At an early stage of loading, all strains 
increased linearly with load.  Then, after Crack #4 formed (P=10840 lbs.), a larger strain increase 
related to load was observed.  Lines a (P=10840 lbs.) and b (P=13350 lbs.) shown in Figures 
8.27 through 8.30 are associated with Cracks #4 and #9 loads.  At these loads, strains increased 
rapidly with load or constant strain variation was changed.  This is because Cracks #4 and #9 
formed near the strain gage location at L/4 span.   
 
All strain measurements from the nine strain gages at L/2 span are shown in Figure 8.31.  
For this location in the panel, the strains measured in each wythe are shown individually in 
Figures 8.32, 8.33, and 8.34.  W/2 strain in the back wythe was not plotted due to gage failures.  
At an early stage of loading, all strains increased linearly with load.  Then, after Crack #1e 
formed (P=7950 lbs.), a larger strain increase related to load was observed.  Lines c (P=7950 
lbs.) and d (P=10840 lbs.) shown in Figures 8.31 through 8.34 are associated with Cracks #1e 
and #1w loads.  At these loads, strains increased rapidly with load or constant strain variation 
was changed.  This is because Cracks #1e and #1w formed near the strain gage location at L/2 
span.   
 
Figure 8.35 shows strain distributions of Panel 2 across the panel width at selected loads 
of 2990, 6040, 10020, and 15000 lbs.  These plots are organized in the same manner as Figure 
8.18 for Panel 1.  Similar to Panel 1, all strain distributions across the panel width are relatively 
uniform at lower loads (P=2990 and 6040 lbs.).  However, strain distributions become non-
uniform at higher loads (P=10020 and 15000 lbs.) in the back and center wythes at L/2 span.  On 
the other hand, for the face wythe strains, the strains at L/4 and L/2 spans were uniform across 
the panel width for both lower and higher loads.  Larger strains were observed at L/2 span than 
L/4 span as shown in Figure 8.35.  This is simply because the moment is larger at L/2 span than 
L/4 span. 
 
Figure 8.36 shows strain distributions of Panel 2 through the panel depth at the same 
selected loads.  Similar to Panel 1, strain distributions through the panel depth are relatively 
linear at lower loads (P=2990 and 6040 lbs.) for all three panel width locations, and neutral axes 
where the strain is zero are located at the center wythe.  However, strain distributions become 
non-linear at higher loads (P=10020 and 15000 lbs.) at L/2 span, and the neutral axes move to 
the face wythe.  From the strain distributions at L/2 span, strains at W/4 location were relatively 
larger than the strains at other panel width locations.  
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Figure 8.23  Plot of lateral load versus lateral deflection for Panel 2.
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Figure 8.25  Relative displacement at south end for Panel 2.
Figure 8.26  Relative displacement at north end for Panel 2.
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Figure 8.27  Load versus strains at L/4 span for Panel 2.
Figure 8.28  Load versus back wythe strains at L/4 span for Panel 2.
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Figure 8.29  Load versus center wythe strains at L/4 span for Panel 2.
Figure 8.30  Load versus face wythe strains at L/4 span for Panel 2.
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Figure 8.31  Load versus strains at L/2 span for Panel 2.
Figure 8.32  Load versus back wythe strains at L/2 span for Panel 2.
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Figure 8.33  Load versus center wythe strains at L/2 span for Panel 2.
Figure 8.34  Load versus face wythe strains at L/2 span for Panel 2.
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 Figure 8.38  Deflected shape of Panel 2 in midspan region at P=11620 lbs. and 
                     midspan deflection ∆=1.67 in.  
 
 
Figure 8.39  Deflected shape of Panel 2 in midspan region at P=15200 lbs. and  
                     midspan deflection ∆=6.42 in.  
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Figure 8.40  Typical flexural crack. 
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CHAPTER 9 
ANALYSIS AND DISCUSSION OF THE FLEXURAL TEST RESULTS 
 
9.1 INTRODUCTION 
This chapter presents detailed analyses and discussion of results obtained from the 
flexural test program.  Experimental and analytical results are compared, and more in-depth 
discussion is provided to deliver recommendations and conclusions for designing three-wythe 
panels.   
 
Section 9.2 discusses the concrete modulus of elasticity.  A concrete cylinder was tested 
in compression to measure actual modulus of elasticity for concrete used to construct the test 
panels.  This information was needed to accurately determine degree of composite action of the 
test panels.  Section 9.3 examines panel behavior at prestress transfer.  Included in this section 
are a comparison of the experimental and the analytical panel strains at prestress transfer, and a 
discussion of the initial cracks that occurred in test panels prior to loading.  Next, Section 9.4 
discusses the general behavior of the test panels under lateral loads.  Composite behavior, 
comparison of the experimental and the theoretical load-deflection behaviors, load-strain 
behavior, and relative displacement between concrete wythes are examined in this section.  
Section 9.5 discusses flexural cracking and ultimate strengths of the test panels.  Finally, 
deflection of the test panels is discussed as a serviceability issue in Section 9.6.  
 
9.2 CONCRETE MODULUS OF ELASTICITY 
The concrete modulus of elasticity, Ec, can be computed from the concrete compressive 
strength, fc’, and Equations 9.1 and 9.2, according to ACI 318-99 (Section 9.5.1).   
 
'33 5.1 ccc fwE ⋅=        (9.1) 
'57000 cc fE =        (9.2) 
 
where wc is concrete weight in units of pcf, and Equation 9.2 is the same as the Equation 5.4. 
 
However, for concrete compressive strengths in the range from 6000 to 12,000 psi, the 
ACI 318-99 equations overestimate the concrete modulus of elasticity for both normal weight 
and lightweight material by as much as 20 percent (Nilson, 1987).  Based on research at Cornell 
University, Equation 9.3 is recommended for normal density concrete with the concrete 
compressive strength in the range of 3000 to 12,000 psi. 
 
( ) 5.1
145
1000000'40000 


⋅+= ccc
wfE      (9.3) 
 
When Panel 1 was tested, the concrete compressive strength was 8820 psi at an age of 33 
days with wc =149 pcf.  In this case, the concrete modulus of elasticity is computed as 5350, 
5640, and 4960 ksi according to Equations 9.1, 9.2, and 9.3, respectively.  Clearly, the results 
vary depending on which equation is used, and the maximum difference between values is 14 
percent.  Therefore, a concrete cylinder test was performed to measure an accurate elastic 
modulus of the concrete used to construct the test panels.  Section 9.2.1 describes the concrete 
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cylinder test, and the comparison of the analytical and the experimental concrete modulus of 
elasticity is presented in Section 9.2.2. 
 
9.2.1 Description of Concrete Cylinder Test 
 Figure 9.1 shows a concrete cylinder installed in a testing machine.  A 6 in. × 12 in. 
concrete cylinder was capped with sulfur mortar compound according to ASTM C-617 and 
tested in 600 kip capacity universal testing machine according to ASTM C-39.  It was loaded up 
to 2.6 ksi which is assumed as 30% of concrete compressive strength and then unloaded.  This 
loading and unloading was done several times, and the results were found to be repeatable. 
   
 Four concrete strain gages were vertically mounted on the concrete cylinder to measure 
concrete compressive strains.  Each strain gage was positioned 90° apart around the concrete 
cylinder so that any loading eccentricity could be detected.  Before mounting strain gages on 
surface of the concrete cylinder, concrete cylinder surface pores were filled with Pic-poxy 
adhesive and the gages were glued to concrete with using CN-E adhesive.  Micro-Measurements 
EA-06-20CBW-120 strain gages were used and they have 2 in. gage length.  Loads and strain 
data were monitored during testing. 
 
Figure 9.2 shows a stress-strain relationship obtained from the cylinder test.  As noted 
above, results were obtained for several different loadings, and one example of stress-strain 
relationship is shown in Figure 9.2.  Four stress-strain curves from four strain gages are shown in 
the figure, and average stress-strain curve is also plotted.  As shown in Figure 9.2, loading 
eccentricity effect is very small, and four stress-strain curves are almost identical.  Finally, the 
concrete modulus of elasticity was computed from the secant to the stress of 2.7 ksi and the 
strain of 415×10-6 in./in. from the average stress-strain curve, and it was 6510 ksi. 
 
9.2.2 Comparison of Analytical and Experimental Concrete Modulus of Elasticity 
Table 9.1 shows a comparison of the concrete modulus of elasticity obtained from 
Equations 9.1 to 9.3 and the concrete cylinder test result.  Concrete compressive strengths, fc’, 
measured when Panel 1 and Panel 2 were tested under lateral loads are also shown in the table, 
and concrete modulus of elasticity were computed by using these values.  The concrete cylinder 
test was performed at an age of 47 days, and only one result is shown in the table.  
 
As shown in Table 9.1, the experimental concrete modulus of elasticity is relatively 
larger than the analytical results.  Comparing the experimental concrete modulus of elasticity 
with the result obtained from Equation 9.2, which is generally accepted in practice, a 17% 
difference is observed.  The disagreement between the analytical and the experimental concrete 
modulus of elasticity may have been caused by the technique used to mount the strain gages.  As 
described in Section 9.2.1, a Pic-poxy adhesive was used to fill up surface pores of the concrete 
cylinder.  When applying this adhesive, a relatively thick Pic-poxy layer was made between 
concrete surface and strain gage.  As a result, smaller strains were measured due to thick 
adhesive layer, and these smaller strains resulted in larger concrete modulus of elasticity.  
  
Hereafter, the concrete modulus of elasticity from Equation 9.2 is used for remaining 
analyses in this chapter.  Equations 9.1 and 9.2 are generally accepted in practice, and Equation 
9.2 is applicable for normal weight concrete.  Concrete modulus of elasticity of 5350 ksi and 
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5560 ksi are used for Panel 1 and Panel 2, respectively, and are used in computation of panel 
composite action and FEM analyses.   
 
As an aside, comparing only the analytical results in Table 9.1, Panel 2 has larger 
analytical concrete modulus of elasticity than Panel 1.  This is because Panel 2 has higher 
compressive strength because it was tested at a later age.  Panel 1 and Panel 2 were manufactured 
at the same time, but they were tested at ages of 33 and 47 days, respectively, as indicated in 
Table 9.1.   
 
9.3 PANEL BEHAVIOR AT PRESTRESS TRANSFER 
Panel behavior at prestress transfer was investigated analytically in Chapter 6 and 
experimentally in Chapter 8.  Comparison of the analytical and experimental results is presented 
in this section.  Because only longitudinal strains were measured, the discussion is limited to 
those strains.  
 
 Figures 9.3 through 9.6 compare the analytical and experimental longitudinal strains for 
test panels.  The longitudinal strains of Panel 1 are shown in Figures 9.3 and 9.4, and those of 
Panel 2 are shown in Figures 9.5 and 9.6.  Longitudinal strains are plotted in two different ways - 
across the panel width, and through the panel depth.  This is done to investigate the strain 
behavior with respect to each direction.  In the longitudinal strain plots, the test results are the 
values presented in Tables 8.2 through 8.5, and the FEM results are from the FEM analyses 
described in Section 6.4.  
 
In Section 6.4, prestress distribution of three-wythe panels was investigated using the 
quarter symmetry FEM model with the boundary condition shown in Figure 6.2(a) and assumed 
perfect bond between concrete and insulation.  However, when the prestress force is transferred 
to the panel, the panel is sitting on a precasting bed, and downward displacement is restrained.  
Therefore, strictly speaking, the boundary condition of the FEM model shown in Figure 6.2(a) 
does not agree with the boundary condition of the test panels.  
 
A modified FEM model boundary condition was considered.  Gap elements were inserted 
in to the model at the face of the panel where it rests against the precasting bed.  The gap 
elements transmit force in compression, but not in tension.  The gap elements were assigned a 
large stiffness to prevent downward displacement into the casting bed.  However, the panel was 
free to move for upward displacement fro the bed.  Also, while self-weight of the panel was not 
considered in the previous FEM model, it was included in new FEM model. 
 
A comparison of the results of the previous FEM model with new FEM model revealed 
that the prestress distribution was almost identical.  While there was a small change in transverse 
strain, the longitudinal strain was almost identical.  Therefore, results from the FEM model 
described in Section 6.4 are used to plot FEM results in Figures 9.3 through 9.6. 
 
9.3.1 Comparison of FEM and Experimental Longitudinal Strains at Prestress Transfer  
Figure 9.3 shows the longitudinal strain distribution across the panel width at prestress 
transfer for Panel 1.  The format of the figure is the same as Figure 8.18, and 18 strains (9 strains 
at each L/4 and L/2 span) from each FEM analysis and experimental test are plotted in six plots.  
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For each plot, the location of a strain gage with respect to the width direction of the panel is 
shown as x (in.).   
 
As shown in Figure 9.3, the test results do not agree well with the FEM results.  The 
measured back and center wythe strains are smaller than the FEM strains, and measured face 
wythe strains are larger than the FEM strains.  Initially, this disagreement between the FEM and 
the experimental results was thought to be caused by improper boundary condition in the FEM 
analyses.  However, as described earlier in Section 9.3, actual boundary condition of the panel 
did not affect the results.  The disagreement must be caused by other effects, as is described in 
Section 9.3.1.1. 
 
As described in Section 6.4, three-wythe panels exhibit a non-uniform distribution of 
prestress across the panel width due to a shear lag effect when all concrete wythes are not 
uniformly prestressed.  In Figure 9.3, this shear lag effect of the panel can be seen in the FEM 
results, but not in the experimental results.  For FEM strains at L/4 span, back wythe and face 
wythe strains have a linear variation across the panel width due to the shear lag effect.  However, 
the test results did not coincide with the FEM results.  Even uniform strain distribution was 
expected at L/2 span as shown in FEM results in Figure 9.3, but non-uniform strain distribution 
was observed.  Again, this inconsistency between the test results and the FEM results is 
discussed in detail in the next section.  
 
Figure 9.4 shows the longitudinal strain distribution through the panel depth at prestress 
transfer for Panel 1. The format of the figure is the same as Figure 8.19, and 18 strains (9 strains 
at each L/4 and L/2 span) from each FEM analysis and experimental test are plotted in six plots.  
For each plot, the location of a strain gage with respect to the depth direction of the panel is 
shown as z (in.). 
 
As previously described, the measured face wythe strains are relatively larger than the 
FEM results, and the other measured back and center wythe strains are smaller the FEM results.  
Even though all measured prestress strains do not agree with the FEM results, all gages indicate 
compression.  This is inconsistent with the initial cracks that were observed at prestress transfer 
in the test panels.  Therefore, the initial cracks may be caused by an effect other than the 
prestress force, such as a thermal effect or concrete shrinkage.  This is discussed further in 
Section 9.3.2. 
 
Figures 9.5 and 9.6 show the longitudinal strain distribution for Panel 2, using the same 
format as previous Figures 9.3 and 9.4.  Similar to Panel 1, the experimental results do not agree 
with the FEM results.  The measured face wythe strains are relatively larger than the FEM 
results, and the other measured back and center wythe strains are smaller.  From the FEM results, 
because Panel 2 has more concrete ribs than Panel 1, the prestress distribution across the width 
of Panel 2 becomes uniform along the span earlier than Panel 1.  In other words, the shear lag 
effect in Panel 2 is less than Panel 1.  However, this was not observed in the test results.  
 
9.3.1.1 Discussion of the Strain Disagreement  
The poor agreement in strains between the FEM and the experimental results may be 
caused by the following factors; non-uniform concrete wythe thickness, difficulties in measuring 
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small strains associated with prestress transfer, and the presence of the initial cracks in the 
concrete. 
 
Consider first the consequence of a non-uniform concrete wythe thickness.  The test 
panels are 2/3 scale panels, and they were intended to have a 2-1-2-1-2 thickness.  The thickness 
of the insulation layers is very accurately controlled because of the manner in which the 
insulation boards are manufactured.  However, the concrete wythe thicknesses are not as 
carefully controlled, and vary along the span and width of the panel.  The 2 ft. × 6 ft. insulation 
boards are very light and flexible so that these are displaced or bent during panel production.  As 
shown in Figure 8.1, the thickness of the panel varies depending on core locations.  Therefore, 
when the panel has a non-uniform wythe thickness, the stress and strain values can vary.   
 
It was difficult to measure the small strain associated with prestress transfer.  The initial 
prestress is 298 psi for both test panels as shown in Table 7.1.  Noting that the concrete 
compressive strength of Panel 1 is 5910 psi at prestress transfer, the concrete modulus of 
elasticity is computed as 4380 ksi ( 591057000 ).  Using the value of this concrete modulus of 
elasticity, longitudinal strain is 68 µε.  This strain is very small and is difficult to measure.  
Discrepancies between the experimental and analytical results may have resulted in part from the 
difficulty of accurately making measurements of these small strain values. 
 
Finally, the presence of the initial cracks in the concrete at prestress transfer may have 
contributed to the poor agreement between experimental and FEM results.  As described in 
Chapter 8, test panels had numerous initial cracks on back wythe that were observed at prestress 
transfer.  The presence of these cracks was not included in the FEM model.  Stress concentration 
and release occur locally in the concrete at the cracks, and strains at measured locations can vary 
due to the presence of the cracks. 
 
9.3.2 Potential Causes of the Initial Cracking Observed at Prestress Transfer 
 As described in Section 8.3, initial cracks were observed in test panels at prestress 
transfer, and Figure 8.4 showed crack patterns occurred in Panel 1 and Panel 2.  From FEM 
analyses of three-wythe panels described in Section 6.5, transverse bending occurs under the 
action of prestress force.  However, based on the FEM analyses, the transverse stresses for both 
test panels were below the concrete modulus of rupture ( === 35005.7'5.7 cir ff  444 psi) in 
the panel design.  From the FEM analyses, the maximum transverse stresses are 314 psi and 279 
psi for the center and back wythes, respectively, for Panel 1, and these stress are even less for 
Panel 2 (193 psi and 175 psi for the center and face wythes respectively).  In addition, 
longitudinal stress is in the range of 0 to 50 psi for both test panels.  Therefore, while the initial 
cracks may have been the results of transverse bending stresses, other factors may also have 
contributed to the formation of theses cracks.   
 
Two possible contributing causes of the initial cracks are concrete shrinkage and thermal 
restraint effect.  These contributing causes may have occurred individually or in combination.   
 
Drying shrinkage may have precipitated the initial cracks.  The WWR may have served 
as a crack initiator, which is why the cracks formed in a pattern that reflected the placement of 
  213
the WWR.  As shown in Figure 8.5, the crack patterns are very coincided with the WWR spacing 
of 18 in.   
 
Thermal expansion of the face and center wythes relative to the back wythe may have 
also initiated cracking.  Again, the locations of WWR would have served as cracks initiation 
sites.  The center and face wythes of the panel are well insulated, and face wythe is not.  During 
curing, the three wythes may achieve different temperatures, and it is possible that the well 
insulated center and face wythes expanded and created tension in the back wythe, leading to 
cracking. 
 
In summary while the transverse stresses at prestress transfer may have been large 
enough to cause cracking, the appearance of the cracks in a grid pattern over the WWR suggests 
that shrinkage and/or restrained thermal movement were the likely causes of the cracking.  
Chapter 10 studies the issue of cracking at transfer in greater detail. 
 
9.4 PANEL BEHAVIOR UNDER LATERAL LOADS 
 This section discusses the behavior of the panels under the action of lateral loads.  The 
general flexural behavior of Panel 1 and Panel 2 are compared, the degree of composite action 
attained is quantitatively analyzed, and the experimental and the analytical load-deflection 
behavior are compared.  Strain behavior and relative displacement between wythes at the ends of 
the panels are compared with the FEM analysis results.  Finally, cracking behavior of the test 
panels is discussed.  
 
FEM analysis results including deflections, strains, and relative displacements between 
wythes were obtained from the analysis described in Section 6.6.  The quarter symmetry model 
shown in Figure 6.1 was used, and perfect bond between concrete and insulation was assumed 
for all analyses.  The boundary condition was similar to support conditions of the test panels as 
shown in Figure 6.2(b).  As material properties, concrete modulus of elasticity was 5353 ksi for 
Panel 1 and 5556 ksi for Panel 2 as shown in Table 9.1, and insulation modulus of elasticity was 
1350 psi.  Uniform load was applied on surface of the panel, and it was only applied to the 
contact area of the air bladder used in the tests. 
 
9.4.1 Flexural Behavior of Test Panels 
9.4.1.1 Comparison of Panel 1 and Panel 2 
Figure 9.7 shows the load-deflection behavior of Panel 1 and Panel 2.  For Panel 1, the 
first crack occurred early in the test at a total load of P=2520 lbs.  However, it was just an 
extension of an existing initial crack and it did not change panel initial flexural stiffness.  The 
load-deflection behavior of the Panel 1 was linear up to a total load of 6930 lbs., at which point 
the second flexural crack formed, and stiffness degraded after that.  With further loading, more 
flexural cracks formed, and the panel progressively became more flexible.   
 
Panel 2 exhibited load-deflection behavior similar to Panel 1.  Linear load-deflection 
behavior was observed up to a total load of 7950 lbs.  At that load, a flexural crack formed, and 
non-linear behavior was observed beyond that point.  With further loading, more flexural cracks 
formed, and the panel progressively became more flexible.  
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Panel 1 and Panel 2 have very similar overall load-deflection behavior.  As shown in 
Figure 9.7, Panel 2 was stiffer than Panel 1 in terms of initial flexural stiffness and stronger in 
terms of strength.  Panel 1 and Panel 2 have same concrete area, but Panel 1 has 1-2 concrete ribs 
while Panel 2 has 2-3 concrete ribs.  The results suggest that with more concrete ribs, shear lag 
effects are reduced, as would be expected.  The initial stiffness of the panels is discussed in detail 
in Section 9.4.1.2 with composite behavior, and the strength of the panels is discussed further in 
Section 9.5.   
 
Both Panel 1 and Panel 2 exhibited considerable ductility, evidenced by the large amount 
of midspan deflection that was observed.  Ductile performance was achieved because the panels 
are slender and flexural cracks were well distributed along the panel span.  Clearly, three-wythe 
panels similar to those tested in this research will exhibit warning signs (large deflection, 
cracking) in the event of overload prior to flexural failure.   
 
Both Panel 1 and Panel 2 exhibited a reduction in stiffness as the load increased as shown 
in Figure 9.7.  This reduction in stiffness is due to the formation of flexural cracks and 
reinforcement yielding.  As shown in Figures 8.15 and 8.32, some strains in the face wythe are 
higher than 0.0026 in./in. which is the yield strain for WWR.  For the center wythe (Figures 8.16 
and 8.33), some strains are over 0.003 in./in., which is the yield strain for prestress strand, so 
both the prestress strands and WWR in the center wythe yielded.  As an aside, the actual strains 
in the prestress strands and WWR may be larger than the experimentally obtained strains.  The 
strain gage locations were at the middle of two transverse wires in WWR, and flexural cracks 
occurred at the locations of transverse wires.  As a result, actual strains in prestress strands and 
WWR would be larger at crack locations because strains are concentrated at crack locations.  
 
9.4.1.2 Composite Behavior of Test Panels 
Figure 9.8 is used to show the degree of composite behavior achieved by Panel 1 and 
Panel 2.  In addition to the load-deflection curves of Panel 1 and Panel 2, two straight lines, 
representing the initial stiffnesses of theoretical composite and non-composite panels, are also 
shown in the figure.  The theoretical composite and non-composite curves are computed as 
follows.  For the composite panel, assuming all three concrete wythes acting together to resist 
bending, the moment of inertia, Ic, of 3115 in4 is computed for 2-1-2-1-2 panel.  Similarly, for 
the non-composite panel by assuming all three concrete wythes acting independently to resist 
bending, the moment of inertia, Inc, of 235 in4 is computed.  These moments of inertia are 
substituted into Equation 9.4 to compute the slope of each load deflection curve, P/∆.  In 
Equation 9.4,   
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or  nccc IIEP
=
∆
       (9.4) 
 
P is the value of a total load in pounds, and ∆ is the value of a midspan deflection in 
inches.  The other terms of Ec and Ic or Inc have a unit of psi and in4, respectively.  Equation 9.4 
was obtained from a simple analysis of 32 ft. uniform span load over simple supported 35 ft. 
span panel.  In the calculation of P/∆ for each panel, Ec was taken as 5460 ksi.  This Ec value was 
the average of experimentally determined Ec values for the two test panels (Ec = 5350 ksi for 
Panel 1, and Ec = 5560 ksi for Panel 2).   
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As shown in Figure 9.8, the initial stiffnesses for both test panels fell within the region 
bounded by the initial stiffnesses of the theoretical composite and non-composite panels.  Both 
test panels behaved closer to the composite panel than the non-composite panel, and Panel 2 
behaved nearly as the composite panel until the first flexural crack formed.   
 
Equation 9.5 is used to define the percent composite action, κ, achieved by each test 
panel:  
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where Iexp is an experimentally determined moment of inertia of the test panel, and Ic and Inc are 
moments of inertia for composite and non-composite panels, respectively. 
 
Equation 9.5 shows that the values of Ic and Inc define the upper and lower bounds of 
percent composite action, respectively.  For example, if Iexp is equal to Ic, then the panel exhibits 
100 percent composite action.  On the other hand, if Iexp panel is equal to Inc, then the panel 
exhibits 0 percent composite action.  A semi-composite panel with an experimentally determined 
moment of inertia between Ic and Inc, exhibits between 100 and 0 percent composite action.   
 
The experimentally determined values of moment of inertia, Iexp, were computed from the 
flexural stiffnesses for each test panel, EcIexp, which can be expressed as Equation 9.6.  
 
∆
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exp        (9.6) 
 
Equation 9.6 is an alternate expression of Equation 9.4.  The experimentally determined 
values of flexural stiffness of test panels, EcIexp, were computed from the load-deflection plots, 
and they are presented in Table 9.2.  Then, experimentally determined moments of inertia, Iexp, 
were computed by dividing the experimentally determined values of flexural stiffness, EcIexp, by 
the modulus of elasticity of the concrete, Ec.  Finally, the experimentally determined moment of 
inertia, Iexp, for each test panel is shown in Table 9.3. 
 
Table 9.3 also shows the computed percent composite action, κ, for both test panels as 
well as theoretical composite and non-composite panels.  As shown in the table, Panel 1 
exhibited 79 % composite action, and Panel 2 exhibited 94 % composite action.  It is reasoned 
that Panel 2, with more concrete ribs between wythes, exhibited less shear lag effect and was 
therefore able to more efficiently mobilize the cross-section in bending, as compared to Panel 1.    
  
 Next, the percent composite action obtained from the lateral load tests is compared with 
that from the FEM analysis.  The FEM percent composite action was computed using Equations 
9.5 and 9.6 with the midspan deflection obtained from FEM analysis and total applied load.  
 
 The FEM percent composite action is 91% and 97 % for Panel 1 and Panel 2, 
respectively.  The FEM results for Panel 2 agree well with the experimental results (97% versus 
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94%).  The agreement is not as good for Panel 1 (91% versus 79%).  This discrepancy can be 
explained as follows. 
 
One cause of the discrepancy may be the initial cracks.  The initial cracks make the panel 
more.  While the initial cracks occurred in both panels, Panel 1 had more cracks than Panel 2.  
This agrees with the observation that Panel 1 has more discrepancy in comparison between the 
FEM and the experimentally obtained percent composite actions.   
 
A second possible cause of the discrepancy is the bond between the concrete and the 
insulation.  Perfect bond is assumed in the FEM analyses.  However, the test panels may have 
lost some of the bond between concrete and insulation during handling, and shipping.  If the 
bond plays a role in mobilizing the cross-section, then a loss of bond would reduce the stiffness. 
 
9.4.1.3 Comparison of Experimental and Theoretical Load-Deflection Behavior 
 Figures 9.9 and 9.10 compare experimental load-deflection behavior of test panels with 
theoretical load-deflection curves.  Two theoretical load-deflection curves (curve (a), curve (b)) 
are plotted for each test panel, and these curves were generated using Equation 9.7. 
  
( )PIIE ecc or  
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=∆        (9.7) 
 
Equation 9.7 is the same format as Equation 9.4.  The concrete modulus of elasticity, Ec, 
is obtained from an unconfined concrete compressive strength of 8820 psi for Panel 1, and 9500 
psi for Panel 2.  The value of moment of inertia substituted into Equation 9.7 varies depending 
on whether crack occurs.  Finally, values of the midspan deflection, ∆, were computed for 
increasing values of total load, P.   
 
Each theoretical load-deflection curve consists of two parts.  The first part is the linear 
part of the curve, during which the concrete remains uncracked.  In this part of the curve, the 
moment of inertia, I, is equal to the composite moment of inertia, Ic.  
 
The second part of the curve begins upon formation of the first flexural crack.  An 
effective moment of inertia, Ie, is used to compute the theoretical load-deflection curves, and 
effective moment of inertia decreases as cracking of the section increases.  The effective moment 
of inertia for partially cracked prestressed beams is given by Nilson (1987) as: 
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where, Ig is the moment of inertia of the gross concrete section.  Icr is the moment of inertia of 
fully cracked transformed concrete section, Mcr is the cracking moment, and Ma is the maximum 
moment acting in the span. 
 
Moments (Mcr or Ma) in Equation 9.8 are related with the total load (P) from the lateral 
load test as follows: 
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where the denominator is smaller than the case of uniform loading over the full span (in this 
case, the denominator is 8.0).  This is because the loading in the lateral load test is over a limited 
span (32 ft.), not the full span (35 ft). 
 
As shown in Figures 9.9 and 9.10, two theoretical load-deflection curves are plotted for 
each figure.  Both theoretical load-deflection curves were generated using Equation 9.7, but they 
are based on different cracking loads.  One theoretical load-deflection curve (curve (a)) is 
computed using a modulus of rupture '5.7' cr ff =  and assumed composite section.  The other 
load-deflection curve (curve (b)) is computed using an experimentally obtained cracking load.  
The theoretical cracking load is 13070 lbs. for Panel 1 and Panel 2.  The experimental cracking 
loads are 6930 lbs. (Crack #2) for Panel 1 and 8810 lbs. (Crack #2e) for panel 2. 
 
Comparing curve (a) with the experimental load-deflection results is theoretically correct.  
However, the experimentally observed cracking load was relatively smaller than the computed 
theoretical cracking load.  Therefore, curve (b) was also plotted.  As explained above, curve (b) 
is based on the experimentally obtained cracking load. It has been reported elsewhere that 
sandwich wall panels tend to crack below the modulus of rupture of the concrete (Mlynarczyk 
and Pessiki, 2000), so using curve (b) is appropriate for the comparison between the 
experimental and the theoretical load-deflection behaviors.   
 
Figures 9.9 and 9.10 show good agreement between the curve (b) and the experimental 
load-deflection curves for Panel 1 and Panel 2.  The initial linear parts of the load-deflection 
curve agree well with the theoretical curve for both Panel 1 and Panel 2.  Panel 1 was somewhat 
more flexible because Panel 1 behaved in 79% composite action.  On the other hand, Panel 2 had 
almost identical results because Panel 2 behaved nearly as a composite panel.  The post flexural 
cracking parts of the load-deflection curve also agree well with the theoretical curve.   
 
 
9.4.2 Strain Behavior 
 Figures 9.11 through 9.14 are plots of flexural strains in Panel 1 and Panel 2 at a total 
load of 3000 lbs.  Figures 9.11 and 9.12 are for Panel 1, and Figures 9.13 and 9.14 are for Panel 
2, and the flexural strains are plotted both across the panel width and through the panel depth for 
each test panel.  These plots compare the experimental and the FEM strain distributions in the 
panels.  The 3000 lbs. load was selected as a representative value from the linear part of the load-
deflection curve.  For the experimental results, only the strains obtained from the lateral load 
tests are plotted, and strains due to the prestress force are not included.  The FEM strains were 
obtained as explained in Section 9.4. 
 
  As shown in Figures 9.11 and 9.12, the experimental and FEM results are in good 
agreement.  Face wythe strains remained in compression, center wythe strains were close to zero, 
and back wythe strains remained in tension.  Possibly due to early cracking in Panel 1, the back 
wythe edge strain at L/4 span is much larger than the FEM strain, but the other strains are very 
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close to the experimental results.  Figure 9.12 shows that, in general, the strains have a linear 
variation through the depth of the panel. 
 
The flexural strains in Panel 2 are shown in Figures 9.13 and 9.14.  Similar to Panel 1, the 
experimental and FEM results are in good agreement.  Face wythe strains remained in 
compression, center wythe strains were close to zero, and back wythe strains remained in 
tension.  Figure 9.14 shows that, in general, the strains have a linear variation through the depth 
of the panel.   
 
9.4.3 Relative Displacement Between Wythes 
Figures 9.15 through 9.18 compare the experimental and the FEM results for relative 
displacement between concrete wythes.  The figures are the same as Figures 8.8, 8.9, 8.25, and 
8.26 from Chapter 8, now shown along with relative displacements obtained from FEM analyses.  
The locations where the relative displacement is investigated are also shown in the figures.  
Figures 9.15 and 9.16 are for Panel 1, and Figures 9.17 and 9.18 are for Panel 2.   
 
For the FEM relative displacements, results shown here are from elastic analyses.  
Therefore, the FEM results are only applicable for the uncracked linear range of behavior. 
As shown in Figures 9.15 and 9.16, a linear relationship between relative displacement 
and load is shown from the FEM results.  In Panel 1, such a relationship was observed from the 
experimental results up to a total load of 11330 lbs. which is associated with Crack #6.  At this 
load, the relative displacement between wythes increases at the south end of Panel 1, as shown in 
Figure 9.15.  Also, a clear jump in displacement can be seen from the LVDT 8 at the north end 
of Panel 1 as shown in Figure 9.16.   
 
Panel 2 did not exhibit any relative displacement between wythes throughout the test, and 
this coincides with the FEM results as shown in Figures 9.17 and 9.18.   
 
9.4.4 Observed Flexural Cracking Load Compared to Service and Factored Loads 
Figure 9.19 shows the load-deflection behaviors of Panel 1 and Panel 2 along with the 
cracking, service, and factored loads.  In the plot, loads at which the first flexural cracks were 
observed are also indicated.  The service wind load of 32 psf corresponds to a total load of 6880 
lbs. (i.e., this total load causes the same maximum moment at midspan when a 32 psf service 
load is applied uniformly over the panel span).  Similarly, the factored load (1.3 × 32 psf) 
corresponds to a total load of 8940 lbs.  
 
As shown in Figure 9.19, the first flexural cracking loads, which are Crack #2 (6930 lbs.) 
for Panel 1, and the Crack #1e (6950 lbs.) for Panel 2, occurred beyond the service load (6880 
lbs.).  However, they were below the factored load (8940 lbs.).  Higher cracking loads (based on 
'5.7' cr ff = ) were expected for both test panels, but lower cracking loads were observed from 
the lateral load tests.  Details about cracking strengths of the test panels are discussed in Section 
9.5. 
 
 All flexural cracks were well distributed with the middle of L/2 of the test panels as 
shown in Figures 8.20 and 8.37.  The spacing between each flexural crack was about 18 in. 
which matches the WWR spacing.  
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9.5 PANEL STRENGTH 
9.5.1 Cracking Strength 
 For composite and non-composite panels, the theoretical cracking moment, Mcr, can be 
computed from Equation 5.10, repeated here: 
 
( )
c
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The values of I and c depend upon the degree of composite action in the panel.  For the 
test panels in this study, I and c are 3115 in.4 and 4 in., respectively, for a composite panel, and 
are 235 in.4 and 1 in. for a non-composite panel.  For a non-composite panel, either the center or 
outer wythes can crack first.  For the test panels treated in this study, the center wythe is 
expected to crack first if the panel act as non-composite panels.   
 
Table 9.4 shows key values to compute theoretical cracking moments for test panels with 
their experimentally determined moment of inertia, Iexp described in Section 9.4.1.2.  Also shown 
in the table are theoretical cracking moments for composite and non-composite panels. 
 
As shown in Table 9.4, the experimentally determined moment of inertia, Iexp, for Panel 1 
and Panel 2 are 2501 in.4 and 2953 in.4, respectively.  Both test panels behaved similar to the 
composite panel as shown in Figure 9.8, and a distance from the centroid to the tension fiber c 
was taken as 4 in.  Finally, the theoretical cracking moments for the test panels can be computed 
by using Equation 5.10, and they are 598 k⋅in. and 726 k⋅in. for Panel 1 and Panel 2, 
respectively.  In the theoretical cracking moment calculation, it was assumed that the degree of 
composite action does not change until the panel cracks. 
 
Figures 9.20 and 9.21 compare the theoretical and the experimental cracking loads of the 
test panels.  The load-deflection behaviors of test panels are included in the figures, and several 
flexural crack loads are also indicated.  In the figures, markers represent the theoretical cracking 
loads for composite panel, non-composite panel, and the test panels.  The theoretical cracking 
loads are computed substituting theoretical cracking moment values shown in Table 9.4 into 
Equation 9.9, and these are 13140 lbs., 4000 lbs., 10490 lbs., and 12740 lbs. for the composite 
panel, non-composite panel, Panel 1, and Panel 2, respectively.  Figures 9.20 and 9.21 show that, 
for both test panels, the experimentally observed cracking load is much lower than the predicted 
value.  
 
Based on the experimentally determined cracking load and experimentally determined 
moment of inertia, the tensile stress in the concrete was computed.  The tensile stress was 
expressed as 'cfα , where α is a multiplier times the square root of the concrete compression 
strength.  'cfα  is computed as follows.  
 
cec fI
cMf +='α       (9.10) 
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where c was taken as 4 in. for both Panel 1 and Panel 2, and fce is 253 psi. 
 
Table 9.5 shows key values to compute the α values for each test panel.  Two flexural 
cracks for each test panel were considered to compute the α values instead of the first flexural 
crack because earlier cracking may be influenced by the presence of the initial cracks in the test 
panels.  Also, the α values were computed with two different moment of inertias (Ic: moment of 
inertia for the composite panel, Iexp: moment of inertia obtained from the lateral load tests) for 
comparison purposes.  
 
As shown in Table 9.5, the α values range from 2.7 to 4.0 with I = Ic, and from 3.7 to 4.8 
with I = Iexp for test panels.  These results are lower than the concrete modulus of rupture, 
'5.7 cf (α=7.5).  Because the test panels are not perfectly composite panels, the α values 
computed from I = Ic are smaller as compared to the α values computed from I = Iexp. 
 
Early flexural cracking in sandwich wall panels has been observed by others.  
Mlynarczyk and Pessiki (2000) tested two-wythe 3-2-3 sandwich wall panels and observed 
flexural cracking as concrete tensile stresses of '7. cf3 (α=3.7).  This is similar to the results 
obtained from the three-wythe panel.   
 
9.5.2 Flexural Strength 
Figures 9.22 and 9.23 compare the theoretical and experimental flexural strengths of the 
test panels.  The load-deflection behaviors of the test panels are shown in the figures, and 
markers represent the theoretical flexural strengths computed two ways: (1) treating the entire 
section effective in bending; (2) using a T-beam calculation.  Service and factored loads are also 
indicated in the figures.   
 
The nominal flexural strength of each test panel is computed as described in Section 
5.4.1, assuming composite behavior with the concrete strengths shown in Table 9.1.  In this 
calculation, the entire section is assumed to be effective in bending.  The computed nominal 
flexural strength is 980 k⋅in for both Panel 1 and Panel 2.  Converting this nominal flexural 
strength to a total load by using Equation 9.9, the total load is 17120 lbs. 
 
The T-beam flexural strength of each test panel is computed for comparison purposes 
because the test panels have relatively wide flange widths.  The face wythe of each test panel is 
the compression face, and an effective flange width was computed according to ACI 318-99 
(Section 8.10).  Considering the face wythe as a flange and the concrete rib as a beam web, the 
effective flange width is computed as 48 in. and 72 in. for Panel 1 and Panel 2, respectively.  The 
computed T-beam flexural strengths are 935 k⋅in for Panel 1 and 974 k⋅in for Panel 2.  
Converting these flexural strengths to total loads, the total loads are 16400 lbs. for Panel 1 and 
17085 lbs. for Panel 2.   
 
As shown in Figures 9.22 and 9.23, both test panels exceed the service and factored 
loads, but neither panel reaches the nominal flexural strength load nor the T-beam flexural 
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strength load.  It is noted again here that both tests were stopped before crushing of the concrete 
in compression, so the flexural strength of each panel was not obtained.  When the tests were 
stopped, Panel 1 reached 82% of it nominal flexural strength with 6.50 in. midspan deflection, 
and Panel 2 reached 88% of its nominal flexural strength with 6.42 in. midspan deflection.  
Comparing the test results with the T-beam strengths, both Panel 1 and Panel 2 reached 88% of 
their T-beam flexural strengths. 
 
 As shown in Figures 8.17 and 8.34, strain values in the face wythe (compression side) at 
the maximum loads are about -0.00023 in./in. for both Panel 1 and Panel 2.  Using the strain 
gradient obtained through the pane depth as shown in Figures 8.19 and 8.36, and extrapolating 
these strains linearly to obtain extreme compression fiber strains, strains are approximately -
0.001 in./in. for both Panel 1 and Panel 2.  These strains are mush smaller than typical concrete 
maximum strain of 0.003 in./in. at compression failure.   
 
The T- design approach is recommended to predict the nominal flexural strength of three-
wythe panels.  Because the test panels were not loaded until they failed in flexure, the maximum 
strength of the test panels was not obtained.  As a result, future studies are needed to investigate 
the actual flexural strength of three-wythe panels.  However, the T-beam approach seems to be a 
reasonable approach until more information is obtained.  
 
9.5.3 Horizontal Shear Strength 
 This section compares the horizontal shear strengths of the test panels with the results 
obtained from the lateral load tests.  The horizontal shear strength in a three-wythe panel is 
important because the horizontal force transfer provides composite action.  
 
Horizontal shear failure was not observed in either lateral load tests.  If horizontal shear 
failure had occurred in the test panels, then relative displacement between concrete wythes 
would have been measured.  However, such relative displacements were not observed as shown 
in the relative displacement plots of Figures 9.15 through 9.18.  Therefore, horizontal shear 
strength of the test panels exceed the horizontal shear forces induced by lateral load tests.   
 
Table 9.6 compared the horizontal shear strength, Vnh, and the horizontal shear forces, Vu, 
for the test panels.  The Vnh is computed using Equations 5.12 through 5.15 as described in 
Section 5.4.2, and the Vu is computed using Equations 5.16 and 5.17.  Additionally, the 
maximum transferred horizontal shear force from the lateral load tests are also shown in the table 
using Equation 5.16.  This is to compare the strength of the panel with actual applied loads rather 
than factored design loads. 
 
The failure modes for computing the Vnh and Vu of the test panels are shown in Figure 
9.24.  The failure modes for Panel 1 were already discussed in Section 5.4.2, and the failure 
modes for Panel 2 were determined in a similar way to Panel 1. 
 
In Table 9.6, the horizontal shear force, Vu, from Equation 5.17 is higher than that from 
Equation 5.16.  This is because the Equation 5.17 computes the horizontal shear force associated 
with material yielding for the assumed failure mode, while Equation 5.16 computes the 
horizontal shear force at applied loads.   
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 For the horizontal shear strength of Vnh, results from Equations 5.12 and 5.15 are 
significantly different from each other.  Depending on the particular calculation method 
considered, the test panels do or do not have enough strength as compared to the maximum 
transferred horizontal shear force from the lateral load tests.  As noted earlier, none of the test 
panels exhibited horizontal shear failure, so the actual horizontal shear strengths have been larger 
than the horizontal shear forces imposed during the tests.  
 
For Vnh (a) in Table 9.6, some strengths are smaller than the applied horizontal shear 
forces, and some are larger.  For the failure modes which have a relatively large amount of 
concrete area in the critical section (Mode 2 in Panel 1, and Modes 2 and 3 in Panel 2), the 
strengths are larger than the applied forces.  On the other hand, for the failure modes which have 
a relatively small amount of concrete area in the critical section (Mode 1 in Panel 1 and Panel 2), 
the strengths are smaller than the forces.  This is because the concrete area is only considered in 
the Vnh (a), and reinforcement contribution is not included.  As an aside, the shear strength of 
uncracked, unreinforced concrete is much greater than the value of 80 psi, which is considered in 
the Vnh (a) (Equation 5.12).  Tests performed by Hofbeck, Ibrahim, and Mattock (1969) indicate 
that the shear strength of initially uncracked unreinforced concrete is approximately 500 psi.   
 
For Vnh (b) in Table 9.6, all computed shear strengths are smaller than the applied shear 
forces.  This is because concrete area in a critical section is never considered in the shear friction 
strength calculation (Equation 5.13), and only reinforcement contribution across the critical 
section is included so that the strength is underestimated in this case.   
 
For Vnh (c) and (d) in Table 9.6, all computed shear results are larger than the shear 
forces.  The modified shear friction calculation (Equation 5.14) and horizontal shear strength 
calculation for composite member (Equation 5.15) consider both the concrete area and the 
reinforcement in their strength calculations, and the strengths are larger than the required shear 
force.  This agrees with the previous statement that predicted horizontal shear strength must be 
larger than the horizontal shear forces.  Therefore, these two methods (Vnh (c) and (d)) are 
considered to be appropriate to compute the horizontal shear strengths of the three-wythe panels.  
As an aside, comparing both Vnh (c) and Vnh (d), they are very close each other, and the Vnh (c) is 
relatively larger than the Vnh (d).   
 
In Table 9.6, the shear strengths denoted by (*) are actually not applicable for each 
calculation.  As described in Section 5.4.2.1, the Vnh (c) and Vnh (d) should satisfy the 
requirement of Avffy/Ac > 200 and ρ=minimum reinforcement requirement, respectively, 
according to ACI 318-99.  However, the shear strengths denoted by (*) do not satisfy the 
requirements, and computation was performed for comparison purposes.   
 
Therefore, modification of current shear strength calculation methods is needed to 
compute the horizontal shear strength when small reinforcement ratio is provided in three-wythe 
panels.  Actually, in current practices of precast wall panels, the minimum reinforcement ratio is 
0.001 (PCI Manual, 1977).  With this reinforcement ratio and an assumption of fy=60 ksi, the 
code requirement of Avffy/Ac is equal to 60 which is below the minimum requirement of 200 in 
the modified shear friction theory.   
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9.6 DEFLECTION OF TEST PANELS 
Deflection limits for precast wall panels were already discussed in Section 5.4.3.  
Deflections for non-load-bearing precast wall panel elements likely to be damaged by large 
deflection are limited to L/480, but not greater than 0.75 in.,  according to the ACI Committee 
533 Report.  Therefore, the maximum allowable deflection for the test panels, considering the 
2/3 scale factor and the span length of 35 ft., is controlled by an upper limit of 2/3(.75) = 0.5 in. 
 
Figure 9.25 shows the load-deflection behavior for both test panels with the deflection 
limitation of 0.5. in.  Additionally, several cracking loads and service load are also indicated in 
the figure.  As shown in Figure 9.25, Panel 1 and Panel 2 have midspan deflections of 0.55 in. 
and 0.45 in. at the full service load of 6880 lbs. (actually, the full service load is 7470 lbs. for 
uniformly distributed load condition, however, the total load of 6880 lbs. is computed as an 
equivalent load for the test loading condition which has the same maximum moment with the full 
service loads as described in Section 9.4.4).  Therefore, if the panels are designed according to 
the ACI Committee 533 Report, Panel 1 would need to be redesigned to satisfy the deflection 
limitation as described in Section 5.4.3, but Panel 2 would not.   
 
As discussed in Section 5.5.4, the 0.75 in. maximum deflection limit is very restrictive.  
For the test panels, considering midspan deflection of 0.5 in. in a 35 ft. span panel, the 
deflection-to-span ratio is 1/840, and this is much smaller than the 1/480 maximum permissible 
deflection for roof and floor construction.  Further studies are needed to determine reasonable 
deflection limits for three-wythe panels and for sandwich wall panels in general.  
 
 
9.7 CONCLUSIONS 
The major conclusions based on the flexural tests presented in Chapters 7, 8, and 9 are as 
follows. 
 
1. The test panels behaved similar to a composite panel in terms of service load-deflection 
behavior.  Computed percent composite action, κ, based on Equation 9.5 was 79% and 
94% for Panel 1 and Panel 2, respectively. 
2. Comparing Panel 1 (1-2 rib panel) and Panel 2 (2-3 rib panel), Panel 2 was stiffer than 
Panel 1 in terms of initial flexural stiffness, and stronger in terms of strength.   
3. Both test panels exhibited ductile flexural behavior.  The ductile flexural behavior is 
attributed to well distributed flexural cracking, reinforcement yielding, and strand 
yielding.  In addition, no horizontal shear failure was observed for both test panels.   
4. Early flexural cracking was observed for both test panels in the lateral load tests as 
compared to the theoretical cracking strength.  Potential causes for this early cracking 
includes the presence of initial cracks and an overestimation of tensile strength of 
concrete.   Experimentally obtained concrete tensile stresses at cracking are about 
'0.4 cf  (α=4.0) for Panel 1, and '7. cf3 (α=3.7) for Panel 2.  
5. Both tests were terminated prior to reaching the full flexural strengths of the panels.  
Until more test data are provided, a T-beam design approach is recommended to predict 
the flexural strength of three-wythe panels.  The T-beam design approach predicts a 
lower flexural strength than the nominal flexural strength based on the full flange width.  
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From the lateral load tests, both test panels reached 88% of their T-beam flexural 
strengths. 
6. The modified shear friction method and composite member horizontal shear strength 
calculation method can be used to compute the horizontal shear strength of the panel.  
However, a modification of current horizontal shear strength calculation methods is 
needed to compute the correct shear strength when small reinforcement is provided such 
as in three-wythe panels. 
7. Cracks were observed in the test panels at prestress transfer.  Potential causes for these 
cracks include concrete shrinkage and differential thermal movement. 
8. From strain measurements at prestress transfer, measured longitudinal strains were 
smaller than predicted strains from the FEM analyses, and were not in agreement with the 
FEM results.   
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Concrete modulus of elasticity, Ec (ksi) 
 Panel 1 
8820=′cf  psi 
(33 days) 
Panel 2 
9500=′cf  psi 
(47 days) 
 Equation 9.1                        cc fw ′⋅⋅ 5.133  5640 5850 
 Equation 9.2                        cf ′57000  5350 5560 
  Equation 9.3         ( ) 5.1
145
100000040000 


⋅+′ cc
wf  4950 5100 
Concrete cylinder test - 6510 
wc = 149 pcf for test panel concrete 
 
Table 9.1  Concrete modulus of elasticity. 
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Panel  
P 
(lbs.) 
∆ 
(in.) 
EcIexp 
(k⋅in2) 
Panel 1 6000 0.47 13386700 
Panel 2 6000 0.38 16420000 
 
Table 9.2  Experimentally determined values of initial uncracked stiffness. 
 
 
 
Panel 
EcIexp 
(k⋅in2) 
fc’ 
(psi) 
Ec 
(ksi) 
Iexp 
(in.4) 
κ
 
(%) 
Composite - - - 3115 100 
Panel 1 13386700 8820 5350 2501 79 
Panel 2 16420000 9500 5560 2953 94 
Non-composite - - - 235 0 
 
Table 9.3  Computed percent composite action, κ, for test panels, including values for 
    theoretical composite and non-composite panels.  
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 Panel 
I 
(in.4) 
Iexp 
(in.4) 
c 
(in.) 
Mcr 
(k-in.) 
Composite 3115 - 4 755 
Panel 1 - 2501 4 598 
Panel 2 - 2953 4 726 
Non-composite 235 - 1 228 
Note: 
fc’ = 8820 psi and 9500 psi for Panel 1 and Panel 2, respectively. 
fc’ = (8820+9500)/2 = 9160 psi in computing Mcr for composite and non-composite panels. 
 
Table 9.4  Theoretical cracking moments for test panels.  
 
 
 
Maximum tension stress 
in concrete (psi) 
α 
(in the form of 'cfα ) Panel Crack # 
Load 
P 
(lbs.) 
Moment 
M 
(k-in.) 
I = Ic I = Iexp I = Ic I = Iexp 
# 2 6930 395 255 379 2.7 4.0 
Panel 1 
# 3 7764 443 316 455 3.4 4.8 
# 1e 7950 453 329 361 3.4 3.7 
Panel 2 
# 2e 8810 502 392 428 4.0 4.4 
Note: 
Ic = 3115 in.4, Iexp = 2501 in.4 and 2593 in.4 for Panel 1 and Panel 2, respectively.  
fc’ = 8820 psi and 9500 psi for Panel 1 and Panel 2, respectively. 
 
Table 9.5  α value computation for test panels.  
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Shear strength, Vnh  (kips) Shear force, Vu  (kips) 
  
(a) (b) (c) (d) (e) (f) 
Max. horizontal shear 
force from lateral load 
tests 
Mode 1 71 84 403* 374 127 244 172 
Panel 1 
Mode 2 284 0 1421* 1293* 127 247 172 
Mode 1 142 168 806* 747 127 213 183 
Mode 2 284 0 1421* 1293* 127 247 183 Panel 2 
Mode 3 213 84 1114* 1020* 127 179 183 
(a) : Equation 5.12, concrete shear strength of 80 psi (Vnh=80Ac) 
(b) : Equation 5.13, shear friction method (Vnh=µAvffy) 
(c) : Equation 5.14, modified shear friction method (Vnh=0.8Avffy+AcK1) 
(d) : Equation 5.15, horizontal shear strength calculation (Vnh=(260+0.6ρfy)Ac) 
(e) : Equation 5.16, (Vu=∆MQ/Ic+∆Pe) 
(f) : Equation 5.17, (Vu=min(C, T)) 
 * Values do not satisfy a design requirement. 
 
Table 9.6  Horizontal shear strengths and shear forces for test panels using various calculation  
                  methods. 
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      Figure 9.1  Concrete cylinder test to measure concrete modulus of elasticity.
      Figure 9.2  Stress versus strain relationship obtained from the concrete cylinder test.
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      Figure 9.7  Load versus deflection behavior of Panel 1 and Panel 2.
      Figure 9.8  Load versus deflection behavior of Panel 1, Panel 2, and the theoretical 
       composite and non-composite panels.
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      Figure 9.9  Comparison of experimental and theoretical load-deflection behavior 
        for Panel 1.
      Figure 9.10  Comparison of experimental and theoretical load-deflection behavior
          for Panel 2.
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      Figure 9.15  Relative displacement at south end for Panel 1.
      Figure 9.16  Relative displacement at north end for Panel 1.
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      Figure 9.17  Relative displacement at south end for Panel 2.
      Figure 9.18  Relative displacement at north end for Panel 2.
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      Figure 9.19  Load-deflection behavior with experimental flexural cracking load,
         calculated service and factored loads.
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      Figure 9.22  Theoretical and experimental flexural strengths of Panel 1.
      Figure 9.23  Theoretical and experimental flexural strengths of Panel 2.
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(a) Panel 1
Figure 9.24  Horizontal shear failure modes for Panel 1 and Panel 2.
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      Figure 9.25  Panel load-deflection behavior with a deflection limitation of
          2/3(0.75)=0.5 in.
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CHAPTER 10 
PRESTRESS TRANSFER TESTS 
 
10.1 INTRODUCTION  
This chapter describes tests that were performed to evaluate transverse stresses in full-
scale three-wythe panels at prestress transfer. 
 
Section 10.2 provides an overview of the prestress transfer tests and explains the need for 
these tests.  Section 10.3 describes how the embedded mold strain gages used in the prestress 
transfer tests were calibrated.  A complete description of the prestress transfer tests of full-scale 
panels is given in Section 10.4.  Test results and comparisons with predicted response are 
presented in Section 10.5, and further discussion of the prestress transfer tests is included in 
Section 10.6. 
 
10.2 OVERVIEW 
As described in Chapter 8, initial cracks were observed in both lateral load test panels 
after prestress transfer.  Such cracking would be unfavorable in real panels from structural, 
durable, and aesthetic points of view.   
 
Potential causes for causing the initial cracks were summarized in Section 9.3.2.  
However, the explanations given in that section were incomplete because the cracking was 
unexpected, and the panels were not instrumented to provide insight in to the cause of the 
cracking.  Therefore, the purpose of the prestress transfer tests described in this chapter is to 
investigate actual panel behavior of full-scale three-wythe sandwich wall panels under the action 
of prestress force. 
 
From the FEM analyses in Section 6.5, several approaches to reduce the transverse 
bending stresses were studied, including the use of partially debonded strands, and steel plates, 
and solid concrete blocks at the ends of panels.  These different approaches to reduce transverse 
stresses were treated as test variables in the prestress transfer tests.  Test results are compared for 
each different panel end condition considered in the tests, and also with the FEM results. 
 
In the prestress transfer tests, both longitudinal and transverse strains induced by the 
transfer of prestress force are measured, and any crack development is investigated.   
 
10.3 CALIBRATION OF EMBEDDED MOLD STRAIN GAGES 
Embedded mold strain gages were used to measure concrete strains during the prestress 
transfer tests.  As will be explained more fully later on, the embedded strain gages were bonded 
to the insulation and were not fully embedded in the concrete for theses tests.  Thus a test was 
made to calibrate the embedded strain gages when used in this manner.  This section discusses 
the calibration test.  
 
Figure 10.1 shows an embedded mold strain gage used to measure the transverse strain.  
The gage is an electrical resistance element that is encapsulated within a polymer material whose 
surface is rough to increase bond between the gage and the concrete.  
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Figure 10.2 shows an example of transverse bending of 1-2 rib three-wythe sandwich 
wall panel when prestress force is applied only in the center wythe.  Only the end of the panel is 
shown closely, and concrete and insulation are colored in gray and dark gray, respectively.  As 
shown in Figure 10.2, each concrete wythe is subjected to transverse bending under the action of 
the prestress force, and transverse stress varies through the thickness of a concrete wythe.  For 
location A in Figure 10.2, the top of the center wythe is in tension and the bottom is in 
compression.  As a result, the transverse bending can be evaluated by measuring these transverse 
strains caused by transverse bending. 
 
In the prestress transfer tests, the gages were to be used in a manner in which they were 
not fully embedded in the concrete, but instead glued to the insulation prior to concrete 
placement.  When measuring strains of concrete wythe bending shown in Figure 10.2, the gages 
are located at either the top or bottom of the concrete wythe to measure extreme fiber strains.  In 
this case, one side of the gages faces the insulation.  As a result, the gages is not fully embedded 
in the concrete.  Therefore, a calibration test was designed to provide the same circumstance as 
the embedded mold strain gages applied in test panels.  
 
10.3.1 Details of Short-Column Calibration Specimen 
A short-column calibration specimen was primarily designed and tested to evaluate the 
performance of the embedded mold strain gage when it was embedded in concrete with one side 
of the gage attached to insulation board. 
 
The short-column calibration specimen was subjected only to compression.  When an 
embedded mold strain gage is under compression, full contact between the gage and the concrete 
is ensured except for the one side that faces the insulation.  On the other hand, when the gage is 
under tension, the ends of the gage are likely to detach from the concrete, and full contact may 
not be ensured.  Therefore, the short-column calibration specimen was tested only under 
compression, and all of the embedded mold strain gages used in subsequent panel tests were 
applied to the compression side of a wythe as predicted from the FEM analysis.   
 
Figure 10.3 shows details of the short-column calibration specimen.  A concrete column 
of 8 in. × 8 in. in cross-section is encased on all sides by 1 in. thick insulation.  The short-column 
calibration specimen was filled with only concrete, and no reinforcement was provided.  As 
shown in Figure 10.3, four embedded mold strain gages (SG 5 to SG 8) were installed on the 
column sides, and, for comparison, four surface mounted foil strain gages (SG 1 to SG 4) were 
applied next to the embedded gages.  Total eight strain gages were installed, and their locations 
are shown in Figure 10.3.  Texas Measurement PML-60-2L strain gage was used for the 
embedded mold strain gage and Micro-Measurement EA-06-20CBW-120 strain gage was used 
for the surface mounted foil strain gage. 
 
The embedded mold strain gages were bonded to the surface of the insulation board with 
Pic-Poxy adhesive before placing fresh concrete, and the foil strain gages were mounted after 
concrete hardened.  Pockets were cut in to the insulation to access the concrete surface for the 
foil strain gages.  Figure 10.4 shows a photograph of the calibration specimen installed in the 
compression testing machine.  In the figure, the embedded strain gages are not shown because 
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they are covered by insulation sheets, but a foil strain gage is shown inside an insulation cut 
piece. 
 
Normal weight concrete was used for the short-column calibration specimen, and the 
compressive strength of the concrete was evaluated with destructive testing of the specimen after 
several elastic strain gage calibration tests.  The compressive strength of the concrete was 5150 
psi at age of 40 days. 
 
10.3.2 Calibration Test Results and Discussion 
The short-column calibration specimen was tested in compression using a 600 kip 
capacity universal testing machine as shown in Figure 10.4.  It was loaded up to 80000 lbs. 
which corresponds to a concrete stress of 1.25 ksi and then unloaded.  Several loading and 
unloading cycles were executed, and the loading rate was 10,000 lbs./min.  Loads and strains 
were monitored using a data acquisition system throughout the test. 
 
Figure 10.5 shows load vs. strain relationship obtained from the calibration test.  Strain 
results for four foil strain gages are plotted as solid lines, and strain results for four embedded 
strain gages are plotted as dotted lines.  
 
As shown in Figure 10.5, all eight strain plots are linear with load, and these linear load-
strain relationships were the same for all other loadings.  Because the calibration specimen was 
just loaded up to 25% of the maximum load, only linear elastic strain behavior is shown. 
 
For both types of strain gages, a plane strain behavior was observed over the cross-
section of the calibration specimen.  Because the strain magnitudes for each type of strain gage 
are not the same, the strain planes for both the embedded mold strain gages and the foil strain 
gages do not coincide, but they are relatively parallel each other.  
 
Table 10.1 compares the strain results obtained from both the embedded mold strain 
gages and the foil strain gages.  Average values of four strains are shown in the table for both 
types of strain gage.  From the table, strains obtained from the embedded strain gages (εa) are 
smaller than those obtained from the foil strain gages (εb).  In addition, as shown in the strain 
ratio (εa/εb), the strain ratio decrease as load increases, and tends to converge to a rate of 0.83.  
Therefore, from this strain gage calibration test, when the embedded mold strain gages are used 
as they are installed (three sides embedded in concrete and one side to the insulation board), 
about 10% to 17% smaller strains are measured as compared to the foil strain gages.  
 
10.4 DESCRIPTION OF THE PRESTRESS TRANSFER TESTS 
This section describes the prestress transfer tests.  As noted earlier, different panel end 
conditions were treated as the primary test variable in these tests.  Included in this section are 
details of the test panels, panel fabrication, instrumentation, and test procedure.  Much of the 
information about these panels is similar to Panel 1 and Panel 2 described previously in Chapter 
7.  Test results of the prestress transfer tests are presented in the next section with a discussion 
and comparison with FEM analysis results. 
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10.4.1 Test Variables 
Four different panel end conditions were considered as test variables, and these are: (1) 1-
2 rib panel with a plain end (hereafter referred to as the End Condition A); (2) 2-3 rib panel with 
a plain end (End Condition B); (3) 1-2 rib panel with solid concrete blocks at its end (End 
Condition C); and, (4) 1-2 rib panel with half of the strands debonded for a length of 6 ft. from 
its end (End Condition D).  Figure 10.6(a) shows Panel 3 which has End Conditions A and B, 
and Figure 10.6(b) shows Panel 4 which has End Conditions C and D.  
 
End Condition A is a 1-2 rib panel with a plain end condition (i.e. no debonding of 
strands and no solid concrete blocks).  This panel is treated as the base case, and is compared 
with the other end conditions.   
 
End Condition B is a 2-3 rib panel, also with a plain end condition.  The purpose of this 
panel is to explore the influence of increasing the number of concrete ribs.  Although the number 
of concrete ribs increases in the 2-3 rib panel as compared with the 1-2 rib panel, the total area of 
solid concrete which penetrates each insulation layer are the same in End Conditions A and B.   
 
End Condition C is a 1-2 rib panel with small solid concrete blocks at the end of the 
panel.  Unlike the other panels, End Condition C has a non-prismatic cross-section.  As shown in 
Figure 10.6(b), the end of the panel includes two 6 × 12 in. and one 6 × 24 in. regions of solid 
concrete that extend through the entire thickness of the panes at the end of the panel.  The 
remainder of the panel is prismatic and is the same as the 1-2 rib panel.  These solid concrete 
regions are intended to cause all three wythes to shorten the same amount as the prestress is 
applied just to the center wythe.   
 
End Condition D is a 1-2 rib panel with selected strands debonded for a length of 6 ft. 
from the end of the panel.  This is the same geometry as End Condition A from the end of the 
panel except for partially debonded strands.  8 out of 15 strands across the width of the panel are 
debonded for a length of 6 ft. from the end of the panel.  This end condition is compared with 
End Condition A to evaluate the effect of using partially debonded strands to reduce transverse 
bending at prestress transfer. 
 
10.4.2 Test Panels 
Figure 10.6 shows the two test panels of the prestress transfer tests.  Each test panel 
incorporates two different end conditions, separated by a 2 ft. solid concrete zone at the midspan 
of the panel.  Each test panel is 10 ft. by 30 ft. in plan, and is 13 in. thick and has a 3-2-3-2-3 
thickness.   
 
For both test panels, all strands are placed in the center wythe.  Fifteen-7/16 in. diameter 
Grade 270 strands were used for prestressing steel, and they were pulled with 70% of their 
maximum strength.  Each concrete wythe contains 6×6-W4×W4 WWR which provides an 
reinforcement ratio of 0.002, which satisfies the minimum reinforcement ratio in the transverse 
direction of 0.001.   
 
For End Condition C, special reinforcement was provided in solid concrete regions as 
shown in Figure 10.6(b).  A total of four #4 hair-pin reinforcing bars were provided.  These 
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reinforcements extended from the back wythe to the face wythe, and were provided to increase 
the shear strength of the concrete where solid concrete blocks penetrate insulation layer. 
 
M-ties 6 in. in height, and generally spaced at 24 in. on center to center were used as 
wythe connectors. 
 
Design material properties are the same as previous lateral load test panels in Chapter 7, 
and are summarized in Table 7.2.  Both Panel 3 and Panel 4 were designed using a concrete 
compressive strength of fci’=3500 psi at transfer of prestress force and a 28-day compressive 
strength of fc’=6000 psi.   
 
Each test panel has eight lifting points for handling and their locations are shown in 
Figure 10.6.  Removable lifting hardware was used same as in the lateral load test panels to 
eliminate the shear transfer contribution through lifting inserts.  Prior to the transfer of prestress, 
the threaded rods were removed from the lifting hardware so that no shear transfer occurred 
between wythes at the lifting points. 
 
No attempt was made to alter or disrupt the bond between the concrete wythes and the 
insulation.   
 
10.4.2.1 R-values of Test Panels 
It was noted that one of the main advantages in using the three-wythe panel is to have 
better thermal performance as compared to the two-wythe panel.  The R-values of the test panels 
described in Section 10.4.2 are summarized in this section.   
 
End Conditions A, B, and D were analyzed with two-dimensional heat transfer FEM 
analyses, and End Condition C was analyzed with three-dimensional heat transfer FEM analysis 
as described in Section 3.5.4.  Material properties and boundary conditions are the same as 
described in Sections 3.5.2 and 3.5.3, respectively, and finally R-values were computed from 
Equation 3.7.  
 
Table 10.2 shows R-values of prestress transfer test panels.  R-values of End Conditions 
A, B, and D are 10.1, 8.1, and 10.1 hr⋅ft2⋅°F/Btu, respectively.  Because using partially debonded 
strands (End Condition D) does not affect the R-value of the panel, the same R-value was 
obtained for End Conditions A and C.  While End Conditions A (or D), and B have constant R-
values regardless of the panel span because the panels are prismatic, the R-value of End 
Condition C varies depending on the panel span.  Three different panel span cases are shown in 
Table 10.2, and corresponding R-values are 9.1, 9.3, and 9.4 hr⋅ft2⋅°F/Btu for 30, 40, and 50 ft. 
spans, respectively. 
 
10.4.3 Panel Fabrication 
Panel 3 and Panel 4 were made using the same procedure as described in Section 7.3.  
Figure 10.7 shows placement of insulation sheets and M-ties on top of the face concrete wythe of 
Panel 3. 
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Both test panels were made at the same time in the same bed, so only one prestressing 
operation was needed.  Figure 10.8 shows prestress strand placement in Panel 3 and Panel 4.  
Consequently, both test panels have the same prestress force, and this makes a comparison 
between different panel end conditions feasible.   
 
There was relatively long delay (about 3 hours) between the placement of each concrete 
wythe.  In order to prevent the formation of a cold joint, the contact area between concrete 
successive lifts was thoroughly vibrated.  Finally, the back wythe concrete was finished, and the 
panels were covered with plastic sheets and cured for one day prior to prestress transfer.   
 
The day after concrete placement, several 6 × 12 in. concrete cylinders were tested in 
compression to verify concrete strength, fci’ at prestress transfer.  Concrete strength results are 
given in Table 10.3.  As shown in Table 10.3, the concrete strength in the center wythe was close 
to the design strength of 3500 psi 22 hours after the concrete was placed.  At that time, however, 
the concrete strength in the back wythe did not reach the design strength (2800 psi at 19 hours).  
Prestress transfer was postponed until the concrete strength in the back wythe was expected to 
reach approximately 3500 psi (22 hours).  That time was estimated by considering the strength 
increase with time shown in the center wythe. 
 
To transfer prestress, the prestress strand was cut at each panel end at the same time.  In 
addition, in order to reduce any localized prestress force, successive strands were cut taking turns 
from one side to the other across the width of the panels.   
 
10.4.4 Instrumentation  
The embedded mold strain gages described in Section 10.3 are the only instrumentation 
in the test panels.  They were used to measure both longitudinal and transverse strains across the 
width as well as through the thickness of the panel. 
 
Figure 10.9 shows strain gage location for Panel 3 and Panel 4.  End Conditions A, C, 
and D of the 1-2 rib panel were instrumented as shown in Figure 10.9 (a), and End Condition B 
of the 2-3 rib panel was instrumented as shown in Figure 10.9 (b). 
 
As shown in Figure 10.9, all strain gages are placed either transversely or longitudinally.  
Transversely placed strain gages were to investigate transverse bending of each concrete wythe 
at panel ends.  A total of six strain gages (S1 to S6) were placed transversely.  They were placed 
at X=71 in. across the width of the panel (where the maximum transverse bending stress is 
expected, based on the FEM analyses), and at two locations along the span, Y=3 in. and Y=36 in. 
as shown in Figure 10.9.  
 
Longitudinally placed strain gages were used to investigate the longitudinal strain 
distribution due to prestress force.  A total of eight strain gages (S7 to S14) were placed 
longitudinally, at Y=48 in. or Y=96 in., as shown in the Figure 10.9.  Also, they were placed at 
appropriate X coordinates where shear lag effect can be measured both across the width and 
through the depth of the panel. 
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The strain gages were placed on top surface of the insulation sheets, where compression 
strains were expected in the concrete wythes.  Gages were not placed on the bottom of the 
insulation sheets because there was no way to ensure proper consolidation of the concrete around 
the gages.   
 
The strain gages were mounted on the insulation sheets in the laboratory, and the 
instrumented insulation sheets then delivered to the manufacturer to make the specimens.  In 
addition, several strain gages were glued on top of the casting bed prior to placement of face 
wythe concrete.  These gages were located in the transverse direction of the face wythe in the 
completed panel. 
 
10.4.5 Test Procedure  
Prior to prestress transfer, the test panels were examined closely for any crack 
occurrence, and location, length, and width of the crack were recorded.  Then, strain values were 
measured from the embedded mold strain gages as reference points.  The prestress force was 
transferred to the concrete by cutting the strands.  After prestress transfer, the test panels were 
lifted up from the casting bed to break any remaining bond between the panels and the casting 
bed, and then set it down to their original position in the bed.  This was done to ensure full 
prestress transfer from strands to concrete.  All removable lifting inserts were then removed, and 
strain values were measured again.  At the same time, the test panels were examined closely 
again for any crack development, and crack information was recorded.  
 
A portable signal conditioner and a switch and balance unit were used to measure the 
strains in the embedded mold strain gages.  Circuits were balanced with a precision resistor 
before connecting the embedded gages, and it was also balanced every 3~5 gages to eliminate 
any drift that may have occurred.   
 
10.5 PRESTRESS TRANSFER TEST RESULTS AND COMPARISONS 
The results of the prestress transfer tests are presented in this section, and they are 
compared with the analytical results.  The analytical results were obtained using FEM analysis 
described in Section 6.5, and they are summarized for the test panels in Section 10.5.1.  Section 
10.5.2 describes details of crack observations made during  the tests.  Finally, Section 10.5.3 
compares the analytical and the experimental results, and cracking strength and strain behavior 
of the test panels are discussed in detail. 
 
10.5.1 FEM Transverse Stress Distribution at Prestress Transfer  
Figure 10.10 shows the transverse stress distribution in the test panels at prestress transfer 
obtained from FEM analyses.  A close look at the end of each test panel is shown in the figure 
because transverse bending occurs locally at this region.  Only half of the panel width is shown 
due to the half symmetry model in FEM analyses.  Maximum stress locations and some other 
key stresses are noted in the figure.  In these stress contour plots, the stresses were not averaged 
at each node, but the noted stresses are the averaged values of all connected concrete element 
stresses at corresponding nodes.  
 
In the discussion presented here, '5.7 cif  is used as the tensile stress at cracking instead 
of 'cifα (α = 3.7 ~ 4.8) observed from the lateral load tests in Section 9.5.1.  When concrete is 
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in direct tension, tensile strength is as low as 3 to 5 'cif .  However, tensile stress at cracking 
measured in terms of the modulus of rupture ranges from about 8 to 12 'cif  (Nilson, 1997).  
The modulus of rupture is determined from a test of a plain concrete beam in flexure.  Transverse 
bending at prestress transfer in three-wythe panels subjects the concrete to a state of stress that is 
close to bending than direct tension.  Therefore, '5.7 cif  is used here as the tensile strength of 
concrete. 
 
As shown in Figure 10.10(a), End Condition A has the maximum transverse tension 
stress at the center wythe and it is 820 psi, and the back wythe has the maximum tension stress of 
535 psi.  Assuming that concrete cracks at the modulus of rupture ( '5.7' cir ff =  35005.7=  = 
444 psi), the End Condition A is expected to have cracks at both the center wythe and the outer 
wythes. 
 
For End Condition B, the maximum transverse tension stress occurs at the center wythe 
similar to End Condition A, and it is 650 psi.  The face wythe has a maximum tension stress of 
420 psi.  Therefore, the End Condition B is expected to have cracks at the center wythe, but not 
at the outer wythes.   
 
For End Condition C, the maximum transverse tension stress occurs at the center wythe, 
and it is 575 psi.  The back wythe has a maximum tension stress of 325 psi.  Therefore, End 
Condition C is expected to have cracks at the center wythe but not at the outer wythes, same as 
the End Condition B.   
 
Finally, for End Condition D, the maximum transverse tension stress occurs at the center 
wythe, and it is 410 psi.  The back wythe has a maximum tension stress of 335 psi.  Therefore, 
End Condition D is not expected to have any cracks at either the center wythe or the outer 
wythes.   
 
10.5.2 Crack Observation at Prestress Transfer  
 Cracks were observed from the prestress transfer test, and Figure 10.11 shows crack 
patterns for Panel 3 and Panel 4.  All cracks were classified as Types A, B, or C and these types 
are denoted in the crack pattern figure.  Also, shown in the figure are crack lengths and widths, 
in inches. 
 
 Type A cracks are the result of concrete shrinkage and/or thermal effects.  These cracks 
were observed prior to prestress transfer.  As shown in Figure 10.11, there were several Type A 
cracks and these were found in all four panel end conditions.  The crack width was narrow as 
indicated in Figure 10.11, and was between 0.002 in. and 0.007 in.  After prestress force was 
transferred to the panels, all Type A cracks were investigated again, and there was no increase in 
either length or width.  Type A cracks were examined again one month after the prestress 
transfer test, and still no increases in length or width were noted.  Figure 10.12 shows a 
photograph of a Type A crack, and shows the crack that occurred in End Condition D.  The crack 
was marked on the specimen using a felt-tipped marker so that width of the can not be discerned 
in the photograph.  
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As an aside, a concrete double T-beam that was manufactured using same batch of 
concrete which was used in test panels was inspected, and similar cracks were found in that 
member as well.   
 
Type B cracks are appeared on the panel end surfaces and were first observed after the 
transfer of prestress.  As explained in the previous section, the center wythe of the panel 
experiences transverse bending, and large transverse tension stress occurs at the rib between the 
center and face concrete wythes as shown in Figure 10.10.  Correspondingly, Type B cracks 
were observed near this location after the prestress force was transferred, and this result agrees 
with the analytical results.  Therefore, it is concluded that these cracks must be induced by the 
prestress force.  As shown in Figure 10.11, Type B cracks were found in all four end conditions, 
and these cracks were typically narrow having a crack width of 0.003 in.  Figure 10.13 shows a 
photograph of the Type B crack that occurred in End Condition C.   
 
Type C cracks occurred on either top or bottom surfaces of the test panels, and are 
thought to be induced by both prestress force and concrete shrinkage.  On the day when the 
prestress force was transferred applied, Type C cracks were not observed.  However, they were 
found when the panels was examined again 30 days later.  Therefore, Type C cracks are 
attributed to a combination of the prestress force and the concrete shrinkage.  Some of the cracks 
occurred as predicted from the FEM analysis, but some were not.  Type C cracks were observed 
in End Conditions A, B, and C, and these were relatively wider than the crack Types A and B as 
indicated in Figure 10.11.  Figure 10.14 shows a photograph of the Type C crack that occurred in 
End Condition A.   
 
10.5.3 Strain Measurement at Prestress Transfer 
Tables 10.4 and 10.5 show strain results obtained from the prestress transfer test.  Table 
10.4 shows transverse strains, and Table 10.5 shows longitudinal strains for all four panel end 
conditions.  The location for each gage is included in each table.  Also, included in the tables are 
strains before prestress transfer (ε1), strains after prestress transfer (ε2), changes in strains (ε2 - 
ε1), and stresses converted from strains using the initial concrete elastic modulus.  While 
measuring strains in the prestress transfer tests, a few strain gages were observed to drift during 
the measurement and their values are denoted in the tables.  Also, one gage failed during panel 
manufacture, and no value is reported for that gage.  
 
When each concrete wythe has a different compressive strength, the concrete modulus of 
elasticity would be also different for each wythe.  This would lead to a different strain reading 
from each concrete wythe for the same concrete stress.  However, considering that strain is 
proportional to the concrete modulus of elasticity, and that the concrete modulus of elasticity is 
proportional to the square root of the concrete compressive strength, the difference is less than 
10%.  As a result, a constant elastic modulus for concrete was used, and it was 3372 ksi.  This 
value was used to compute the stress (σpt) in Tables 10.4 and 10.5. 
 
10.5.4 Comparisons of FEM and Experimental Results  
From the FEM analysis results shown in Figure 10.10 and described in Section 10.5.1, 
the maximum transverse tension stresses decrease in the order of End Conditions A, B, C, and D.  
That is, using the end in which half of the strands are debonded for a length of 6 ft. at its end is 
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the most effective way to reduce the transverse bending stresses among four different panel end 
conditions studied. 
 
Similar results were obtained from the prestress transfer tests.  The effectiveness for each 
end condition in reducing the transverse bending stresses increases in the order of End 
Conditions A, B or C, and D, according to the crack formation of the test panels shown in Figure 
10.11.  End Condition A had relatively many cracks as compared to the other end conditions, and 
End Condition D had relatively few cracks.  
 
Comparing End Conditions A and B, cracks are more severe in End Condition A than in 
End Condition B, as shown in Figure 10.11.  Therefore, using the 2-3 rib panel is more effective 
than using the 1-2 rib panel in reducing the transverse bending stresses. 
 
For End Condition C, considering the crack developed at the back wythe, this panel end 
is less effective than End Condition D in reducing the transverse bending stresses.  However, this 
end condition seems to be better than the plain end as shown in the crack pattern in Figure 10.11. 
 
10.5.4.1 Comparison of FEM Transverse Stresses and Crack Occurrence 
Figure 10.15 shows a relationship between FEM maximum transverse tension stresses 
and crack occurrence for the prestress transfer test panels.  The FEM maximum transverse 
tension stresses are from Figure 10.10, and the crack occurrence is from Figure 10.11.  Results of 
each test panel are denoted by solid dots in the figure.  From the figure, the prestress force is 
expressed in terms of number of strands (270 k - 7/16-in. diameter strand), and also 
corresponding initial prestress of the panel is shown as a secondary horizontal axis using section 
geometries shown in Figure 10.6.   
 
The maximum transverse tension stresses at back wythe, center wythe, and face wythe 
are shown in Figure 10.15(a), (b), and (c), respectively, for all four panel end conditions.  When 
cracks occurred at these maximum transverse stress locations, crack occurrence is indicated in 
parenthesis as shown in Figure 10.15.  Also included in the figure is the stress limit of 
'5.7' cir ff = .   
 
As shown in Figure 10.15(b), the center wythe maximum transverse tension stress is 
beyond fr’ for End Conditions A, B, and C, and this is close to fr’ for End Condition D.  
Correspondingly, all end conditions had cracks at end face of the panel as shown in Figure 10.11, 
and their crack locations agree well with the FEM results.  As a result, the cracks are thought to 
have initiated from the maximum transverse stress locations shown in Figure 10.10, and then 
grown further to the outer surface.  Noting that the prestress force is transferred between wythes 
through concrete shear, shear stress is high where concrete ribs are located.  This is exactly the 
same location where the cracks were developed.  Therefore, due to a combining effect of the 
transverse bending and high shear stress, the cracks must form and extend as shown in Figure 
10.11. 
 
For the back wythe maximum transverse stress of Figure 10.15(a), only End Condition A 
is beyond fr’, and End Conditions B, C, and D are below it.  Comparing these results with the 
crack patterns, End Conditions A, B, and D agree well, but End Condition C does not.  For End 
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Condition A, there was a Type C crack on back wythe and this agrees with the FEM stress result 
shown in Figure 10.15(a).  For End Conditions B and D, cracks at the back wythe were not 
found, and this also agrees with the FEM results.  Next for End Condition C, a crack occurred at 
the back wythe of the panel as shown in Figure 10.11, and this does not agree with the FEM 
stress result.  However, noting that the crack occurred at the center wythe, the panel losses its 
transverse stiffness.  As a result, it is considered that a Type C crack shown in End Condition C 
may have developed after the panel lost its transverse stiffness. 
 
For the face wythe of Figure 10.15(c), all maximum transverse stresses are below fr’, and 
this agrees with the experimental result shown in Figure 10.11.  No cracks formed in the face 
wythe except End Condition B.  For End Conditions B, a crack occurred at the face wythe near 
mid-width of the panel.  From FEM analysis, transverse stress is compression at this location, so 
that the crack should not have occurred.  However, the crack was observed and it was continuous 
to the Type B crack that occurred at end face of the panel.  A cause for this crack is not 
understood, but, based on its crack location and connectivity, this crack may be induced by the 
effect of concrete shear transfer after cracks were initiated at the center wythe as explained 
previously.  
 
10.5.4.2 Comparison of FEM and Experimental Transverse Strains 
 Figure 10.16 compares the FEM and experimental transverse strains through the depth of 
the panel.  Transverse strains are plotted at locations of Y=3 in. and Y=36 in. for each panel end 
condition.  The transverse strains shown in Table 10.4 are plotted as the experimental results, and 
the FEM results were obtained from FEM analyses described in Section 6.5.   
 
As shown in Figure 10.16, some of the experimental strains agree well with the FEM 
strains, but others do not.  In general, experimental strains from both the center and face wythes 
do not agree with the FEM strains.  On the other hand, experimental and FEM back wythe strains 
are close each other.  It is very likely that the measured strains were affected by the cracking that 
was observed in the panels.   
 
From the results shown in Figure 10.16, comparisons are very difficult to make because 
of the strain disagreement between the FEM and the experimental results.  However, there are 
certain trends in plots shown in Figure 10.16, and they are as follows.  
 
It was observed that the transverse bending occurred locally at the end of the panel, and 
disappeared quickly along the span of the panel.  From the FEM strain plots shown in Figure 
10.16, the transverse strains at Y=3 in. are relatively larger than those at Y=36 in.  Even though 
the experimental strains are not well matched with the FEM strains, this reduced transverse 
bending away from the end of the panel is observed to some extent from the experimental 
transverse strains.  
 
From the experimental test results, reduction of the transverse bending was not observed 
in End Conditions B, C, and D as compared to A.  From FEM transverse strains at Y=3 in. and 
Z=5in. shown in Figure 10.16, the transverse bending reduces in the order of End Conditions A, 
B, D, and C for the center wythe compression stress.  However, from the experimental test 
results, such a relationship was not observed.   
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As noted above, one reason for the discrepancy between measured and FEM transverse 
strains may have been the cracking that occurred in the test panels.  In addition, placing strain 
gages near prestress strands may have contributed to the disagreement between FEM and 
experimental strains.  In the prestress transfer test panels, strain gages in the center wythe were 
very close to the prestress strands, and strain gages at location of Y=3 in. were within transfer 
length of strands.  As a result, strains of those gages can be disturbed due to transfer of the 
prestress force.  Actually, during panel manufacturing, it was observed that strands were in 
contact with a few strain gages in the center wythe. 
 
10.5.4.3 Comparison of FEM and Experimental Longitudinal Strains 
 Figure 10.17 compares the FEM and experimental longitudinal strains across the width of 
the panel.  Panel longitudinal strains are plotted at locations of Y=4 ft. and Y=8 ft. for each panel 
end condition.  The longitudinal strains shown in Table 10.5 were plotted as the experimental 
results, and the FEM results were obtained from the FEM analysis described in Section 6.5.   
 
Comparing FEM and experimental strains, panel longitudinal strains obtained from the 
prestress transfer test are less than those obtained from the FEM analysis as shown in Figure 
10.17.  This is due in part because the embedded mold strain gages were not fully embedded as 
described in Section 10.3.  Comparing average strains at Y=4 ft. and 8 ft. for all panel end 
conditions, the experimentally obtained strains were 77% and 75 % of the FEM strains.   
 
Due to shear lag effects in the three-wythe panel, longitudinal strains were relatively non-
uniform at Y=4 ft., and relatively more uniform at Y=8 ft. for all panel end conditions except 
End Condition D.  As shown in Figure 10.17, for End Conditions A, B, and C, the longitudinal 
strains at Y= 4 ft. vary over a relatively wide strain range as compared to the panel longitudinal 
strains at Y= 8 ft.  When the prestress force is applied only at the center wythe, because prestress 
force is transferred between wythes through concrete shear, non-uniform prestress distribution 
occurs near the end of the panel, but uniform prestress distribution is achieved eventually at the 
midspan.  The exception to this general trend is End Condition D, in which 8 strands were 
debonded for 6 ft. at the end of the panel.  For this panel, since the prestress force is also applied 
further out in the span, the strains remain more non-uniform further out in the span as well.   
 
10.6 FURTHER DISCUSSION 
Experimental results were compared with the FEM results in Section 10.5.  Transverse 
stresses obtained from FEM analyses were compared with the crack occurrence in the prestress 
transfer tests in Figure 10.15.  Good agreement between the FEM stresses and crack occurrence 
leads to further discussion about the transverse bending, and this is presented in this section. 
 
Figures 10.18 and 10.19 show FEM predictions of maximum transverse tension stress 
versus prestress force for various panel end conditions.  Both 1-2 rib and 2-3 rib panels were 
considered, and four different panel end conditions were used for each panel configuration.  The 
format of plots is the same as Figure 10.15, but only larger maximum transverse tension stress 
from either face or back wythe was plotted as outer wythe maximum transverse stress. 
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In Figures 10.18 and 10.19, the maximum transverse stress results for the 1-2 rib panels 
are shown in solid lines, and those for the 2-3 rib panels are shown in dotted lines.  The 1-2 rib 
panel was analyzed for 10, 15, 20, and 30 strands, and a linear relationship between the number 
of strands and the maximum transverse stress was obtained as shown in Figures 10.18 and 10.19.  
Then, for the rest of the panels, only 15 and 30 strands were analyzed and plotted.  For cases 
with half of strands debonded for 6 ft. at the panel end, 16 and 28 strands cases were analyzed 
with 8 and 14 strands debonded, respectively.   
 
As shown in Figures 10.18 and 10.19, the maximum transverse stresses in the 2-3 rib 
panels are lower than those of the 1-2 rib panels at both center and outer wythes.  As a result, 2-3 
rib panels show better performance than 1-2 rib panels from the panel transverse bending point 
of view. 
 
For each different panel end condition, the maximum transverse stresses for the plain end 
condition are the highest, and the stresses are reduced using either half of the strands debonded, 
or solid concrete blocks at the end of the panel.  According to Figure 10.18, when limiting all 
panel stresses to modulus of rupture ( 35005.7'5.7 == cir ff  = 444 psi), 8 strands are possible 
for the 1-2 rib panel with plain end, and 12 and 13 strands can be used for the 1-2 rib panel with 
solid concrete blocks and debonded strand, respectively.   
 
In addition to the three basic panel end conditions, combined end conditions were also 
examined and these are also shown in Figures 10.18 and 10.19.  The maximum transverse 
stresses for some of these combined conditions are significantly reduced as compared to other 
end conditions alone.  For an example, 19 strands (case D, initial prestress of 350 psi) can be 
used for the 1-2 rib panel, and over 32 strands (case H, initial prestress of 600 psi) seem to be 
valid for the 2-3 rib panel as shown in Figure 10.18, when combined with half of strands 
debonded and solid concrete blocks. 
 
In the design of the three-wythe panels, plots of such as Figures 10.18 and 10.19 can be 
used to check transverse stresses caused by the transfer of prestress.  Knowing the initial panel 
prestress, the maximum transverse stress can be determined and cracks can be controlled.  In 
addition, because the center wythe transverse stress is higher than the outer wythe stress, 
checking only Figure 10.18 is valid.  However, some engineers may allow cracks in the center 
wythe, but not in the outer wythes.  In this case, Figure 10.19 can be used instead. 
 
Figures 10.18 and 10.19 are only valid for panels similar to the test panels used in 
prestress transfer test, and different set of plots are needed for different panel configuration, 
geometry, and prestress properties.  
 
There are numerous other ways to reduce the transverse bending stresses other than the 
several different panel end conditions presented in this report.  Further studies would be needed 
to identify these other panel end conditions.  This report has identified the problem of transverse 
stresses in three wythe panels, and explored how those stresses may be reduced to control 
cracking.  
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10.7 CONCLUSIONS  
The major conclusions based on the prestress transfer tests presented in this chapter are as 
follows. 
 
1. From the prestress transfer tests, the transverse bending is reduced in the order of End 
Conditions A, B or C, and D based on the crack patterns of the test panels.  Similarly, 
from FEM analyses, the panel transverse bending is reduced in the order of End 
Conditions A, B, C, and D based on maximum computed stresses in the center and outer 
wythes.  
2. Figures 10.18 and 10.19 provide the maximum transverse tension stresses for various end 
conditions and level of prestress force.  The figures can be used to check the maximum 
transverse tension stress in a three-wythe panel with the same properties. 
3. Type B and C cracks were found in the prestress transfer tests, and they are thought to be 
force-induced cracks that agree with the FEM results.  Type A cracks were found on the 
back wythe of the test panels before prestress transfer, and they are thought to be either 
shrinkage or thermal cracks.   
4. It was experimentally observed that transverse bending occurred locally at the end of the 
panel, and disappeared quickly away for the end of the panel.   
5. The shear lag effect was experimentally observed for test panels from the longitudinal 
strain measurement.  
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Load 
(lbs.) 
Stress in 
Column 
(psi) 
Strain from embedded 
mold strain gage 
εa   (µε) 
Strain from 
foil strain gage 
εb  (µε) 
Strain  
ratio 
εa / εb 
0 0 0 0 0 
7515 118 -18 -19 0.91 
10345 162 -24 -27 0.90 
15415 241 -35 -41 0.87 
20350 318 -47 -54 0.86 
30245 473 -69 -84 0.83 
35285 551 -81 -97 0.83 
40400 631 -92 -112 0.82 
45305 708 -104 -126 0.82 
50315 786 -116 -140 0.82 
55405 866 -128 -154 0.83 
60400 944 -139 -169 0.82 
65380 1022 -152 -182 0.83 
70205 1097 -164 -196 0.84 
75380 1178 -177 -211 0.84 
80355 1256 -189 -223 0.85 
 
Table 10.1  Comparison of strains obtained from embedded mold strain gages and foil strain  
       gages. 
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Panel end type 
R-value 
(hr⋅ft2⋅°F/Btu) 
End Condition A 
(1-2 rib panel, a plain end) 10.1 
End Condition B 
(2-3 rib panel, a plain end) 8.1 
End Condition C 
(1-2 rib panel, solid concrete blocks) 
9.1 (30 ft.) 
9.3 (40 ft.) 
9.4 (50 ft.) 
End Condition D 
(1-2 rib panel, partially strands debonded) 10.1 
 
Table 10.2  R-value comparison for prestress transfer test panels.  
 
 
 
 264
 
 
 
 
 
Location Concrete compressive strength, fci’ 
Center wythe 
2600 psi (19 hours) 
3100 psi (21 hours) 
3460 psi (22 hours) 
Back wythe 
2800 psi (19 hours) 
                               3500 psi (22 hours) (1) 
 
(1) Strength value was estimated by considering the strength increase with time in the center 
wythe 
 
Table 10.3  Concrete compressive strength prior to prestress transfer. 
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End 
Condition 
Location 
Y (in.) Gage location 
Strain before 
transfer 
ε1 (µε) 
Strain after 
transfer 
ε2 (µε) 
Transvers
e strain 
ε2 − ε1 
Stress(1) 
σpt (psi) 
Back wythe(2) 939 935 -4    -13 
Center wythe 1121 1136 15 50 Y=3 
Face wythe 1211 1193 -18 -60 
Back wythe 989 994 5 16 
Center wythe 1453 1475 22 74 
A 
Y=36 
Face wythe 601 609 8 26 
Back wythe 345 349 4 13 
Center wythe 2060 1976 -84 -284 Y=3 
Face wythe 593 550 -43 -145 
Back wythe -143 -145 -2 -8 
Center wythe 3010 3018 8 27 
B 
Y=36 
Face wythe 1691 1694 3 11 
Back wythe 1366 1322 -43 -145 
Center wythe 1229 1250 21 69 Y=3 
Face wythe 468 452 -16 -53 
Back wythe 1765 1751 -14 -47 
Center wythe 1386 1399 13 44 
C 
Y=36 
Face wythe 921 913 -8 -27 
Back wythe 1816 1807 -9 -31 
Center wythe 1352 1387 35 118 Y=3 
Face wythe 243 223 -20 -68 
Back wythe 1311 1294 -17 -58 
Center wythe 1035 1025 -10 -34 
D 
Y=36 
Face wythe 1656 1640 -15 -52 
(1) Modulus of elasticity for concrete was taken as 350057000  for stress computation 
(2) Drifted gage values 
Table 10.4  Transverse strains obtained from the prestress transfer tests. 
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 End 
Condition 
Location 
Y (in.) Gage location 
Strain before 
transfer 
ε1 (µε) 
Strain after 
transfer 
ε2 (µε) 
Transvers
e strain 
ε2 − ε1 
Stress(1) 
σpt (psi) 
Back wythe 
W/2 1151 1118 -33 -111 
Back wythe 
Edge 1146 1082 -64 -216 
Center wythe 
W/2 579 489 -89 -302 
Y=48 
Center wythe 
Edge 958 853 -105 -353 
Back wythe 
W/2 733 690 -43 -144 
Back wythe 
Edge 271 217 -54 -182 
Center wythe 
W/2 644 567 -77 -260 
A 
Y=96 
Center wythe 
Edge 856 793 -63 -211 
Back wythe 
W/2 1261 1223 -38 -127 
Back wythe 
Edge 1111 1046 -65 -218 
Center wythe 
W/2 898 805 -93 -315 
Y=48 
Center wythe 
Edge 1223 1134 -89 -300 
Back wythe 
W/2 475 428 -47 -158 
Back wythe 
Edge 595 532 -63 -211 
Center wythe 
W/2 181 88 -93 -313 
B 
Y=96 
Center wythe 
Edge 1725 1640 -85 -287 
(1) Modulus of elasticity for concrete was taken as 350057000  for stress computation 
 
Table 10.5  Longitudinal strains obtained from the prestress transfer tests. 
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 End 
Condition 
Location 
Y (in.) Gage location 
Strain before 
transfer 
ε1 (µε) 
Strain after 
transfer 
ε2 (µε) 
Transvers
e strain 
ε2 − ε1 
Stress(1) 
σpt (psi) 
Back wythe 
W/2 996 943 -54 -181 
Back wythe 
Edge - - - - 
Center wythe 
W/2 692 602 -90 -303 
Y=48 
Center wythe 
Edge 500 439 -61 -205 
Back wythe 
W/2 827 762 -65 -218 
Back wythe 
Edge 999 952 -46 -157 
Center wythe 
W/2 117 29 -88 -295 
C 
Y=96 
Center wythe 
Edge 415 387 -29 -97 
Back wythe 
W/2 1123 1086 -37 -124 
Back wythe 
Edge 1610 1583 -26 -89 
Center wythe 
W/2 1513 1500 -13 -44 
Y=48 
Center wythe 
Edge 1809 1779 -30 -100 
Back wythe 
W/2 1302 1275 -27 -92 
Back wythe 
Edge 152 110 -43 -144 
Center wythe 
W/2 (2) 708 605 -103 -347 
D 
Y=96 
Center wythe 
Edge 401 316 -85 -287 
(1) Modulus of elasticity for concrete was taken as 350057000  for stress computation 
(2) Drifted gage values 
Table 10.5  (Continued) Longitudinal strains obtained from the prestress transfer tests. 
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Figure 10.2  Example of transverse bending in a 1-2 rib three-wythe panel.
 
Figure 10.1  Embedded mold strain gage.
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Figure 10.3  Short-column calibration specimen for embedded mold strain gages. 
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            Figure 10.4  A photograph of the strain gage calibration test. 
             Figure 10.5  Load versus strain relationship for the strain gage calibration test.
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Figure 10.6  Plan and section views of Panel 3 and Panel 4.
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Figure 10.7  Bottom insulation sheets and M-tie installation of Panel 3. 
 
 
 
 
Figure 10.8  Prestress strand placement for Panel 3 and Panel 4. 
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Figure 10.9  Strain gage locations for Panel 3 and Panel 4.
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(b) endEnd Condition B : 2-3 rib panel, plain
(a) End Condition A : 1-2 rib panel, plain end
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Figure 10.10 Transverse stress contours for the prestress transfer test panels.
175 psi
sym.
820 psi
535 psi
335 psi
sym.
645 psi
-680 psi
-600 psi
-600 -450 -300 -150 0 150 300 450 600 (psi)
275
Figure 10.10 Transverse stress contours for the prestress transfer test panels.(Continued)
(d) End Condition D : 1-2 rib panel, 8 strands with 6 ft. debonded at end
(c) End Condition C : 1-2 rib panel, solid concrete blocks at end
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Figure 10.11  Crack patterns and crack widths of Panel 3 and Panel 4.
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End Condition D 
 
Figure 10.12  A photograph of a Type A crack (crack is highlighted with marking pen). 
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Figure 10.13  A photograph of a Type B crack (crack is highlighted with marking pen). 
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0.002” 
0.013” 
0.025” 
End Condition A 
 
Figure 10.14  A photograph of a Type C crack (crack is highlighted with marking pen). 
 
 
 
 
 
 
 279 
 
      Figure 10.15  Maximum transverse stress and crack occurrence for the prestress 
            transfer test panels.
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      Figure 10.16  Comparisons between FEM and experimental transverse strains 
            through the depth of the panel.
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      Figure 10.17  Comparisons between FEM and experimental longitudinal strains
            across the width of the panel.
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     A = 1-2 rib, Plain end B = 1-2 rib, Half of strands 6 ft. debonded at end
     C = 1-2 rib, Solid concrete blocks at end D = 1-2 rib, Combined end of B and C
     E = 2-3 rib, Plain end F = 2-3 rib, Half of strands 6 ft. debonded at end
     G = 2-3 rib, Solid concrete blocks at end H = 2-3 rib, Combined end of F and G
   Figure 10.18  Center wythe maximum transverse stress for various end conditions.
     A = 1-2 rib, Plain end B = 1-2 rib, Half of strands 6 ft. debonded at end
     C = 1-2 rib, Solid concrete blocks at end D = 1-2 rib, Combined end of B and C
     E = 2-3 rib, Plain end F = 2-3 rib, Half of strands 6 ft. debonded at end
     G = 2-3 rib, Solid concrete blocks at end H = 2-3 rib, Combined end of F and G
   Figure 10.19  Outer wythe maximum transverse stress for various end conditions.
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CHAPTER 11 
CONCLUSIONS AND FUTURE STUDIES 
  
11.1 INTRODUCTION 
The objective of this research was to develop precast concrete three-wythe sandwich wall 
panels.  The thermal performance of the three-wythe panel was evaluated by estimating R-values 
using FEM analyses.  The structural performance of the three-wythe panel was investigated both 
analytically and experimentally.  This chapter describes conclusions and future studies from this 
research.   
 
Section 11.2 describes the conclusions about thermal performance and structural 
performance of the three-wythe panel.  Section 11.3 discusses future studies which may be 
undertaken to further develop the three-wythe panel. 
 
11.2 CONCLUSIONS  
11.2.1 Thermal Performance of the Three-wythe Panel 
1. In general, the thermal performance of a three-wythe panel is better than that of a two-
wythe panel due to the increased length of the thermal path through the solid concrete in 
the three-wythe panel as compared to the two-wythe panel.  
2. The R-value of a three-wythe panel increases as the insulation overlap length increases.  
The insulation overlap effect is more significant at smaller overlap lengths, and then 
gradually decreases as overlap length increases.  
3. Concrete wythe thickness does not have a significant effect on the R-value of both two- 
and three-wythe panels.  Insulation thickness does have a significant effect on the R-
value. 
4. Three-wythe panels derive a greater benefit in thermal performance (i.e. have a higher R-
value) from the use of a high resistance insulation material as compared with two-wythe 
panels.  
5. ASHRAE Handbook R-value calculation methods do not provide accurate estimates of 
the R-values of three-wythe panels.  Other calculation methods should be used to 
estimate the R-values of three-wythe panels, such as FEM analyses or experimental 
methods. 
 
11.2.2 Behavior at Prestress Transfer 
1. Transverse bending occurs in three-wythe panels at prestress transfer unless the prestress 
force is applied uniformly at all three concrete wythes.  This transverse bending occurs 
locally at the end of the panel.  Transverse bending in the three-wythe panels at prestress 
transfer was investigated analytically and experimentally.   
2. Several approaches to reduce the transverse bending were introduced in Chapter 6 and 
verified with prestress transfer tests described in Chapter 10.  Increasing the number of 
concrete ribs reduces the transverse bending, as does using partially debonded strands or 
shear connectors at the ends of the panel. 
3. FEM analysis results agree well with the experimental results, and cracks can be 
predicted using the perfect bond FEM model described in Chapter 6.  Type B and C 
cracks observed from the prestress transfer tests occurred as predicted from the FEM 
analyses.   
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4. When the prestress force is not applied uniformly to all three concrete wythes, the 
longitudinal stress distribution is non-uniform both across the width and through the 
depth of the panel.  This non-uniform stress distribution is due to shear lag, and the shear 
lag effect was experimentally observed from the prestress transfer tests.  However, a 
uniform stress distribution is expected at midspan of the panel as observed from FEM 
analyses. 
 
11.2.3 Behavior under Lateral Loads  
1. Three-wythe panels behave similar to a composite panel in terms of service load-
deflection behavior.  Computed theoretical percent composite action, κ, based on 
Equation 9.5 was 79% and 94% for Panel 1 and Panel 2, respectively.  These results 
agree relatively well with FEM analysis results.  
2. Three-wythe panels exhibit ductile flexural behavior under lateral load.  The ductile 
flexural behavior is attributed to well distributed flexural cracking, reinforcement 
yielding, and strand yielding.  In addition, no horizontal shear failure was observed in 
both test panels.   
3. Early flexural cracking was observed for both test panels from the lateral load tests.  
Potential causes for this include the presence of initial cracks and an overestimation of 
the tensile strength of concrete.   Experimentally obtained concrete tensile strengths at 
cracking are '0. cf4  (α=4.0) for Panel 1, and '7. cf3 (α=3.7) for Panel 2.  
4. From the lateral load tests, the flexural strength of the test panels was not obtained 
because the test panels were not loaded fully until they failed.  Both test panels reached 
88% of their T-beam flexural strengths. 
5. Flexural stress distribution of the three-wythe panel at service loads is non-uniform both 
across the width and through the depth of the panel.  This non-uniform stress distribution 
is relatively large at the ends of the panel, and a more uniform stress distribution is 
obtained at midspan of the panel.   
6. Transverse bending of the three-wythe panels was investigated under the combined 
action of prestress force and service load.  The transverse bending stresses either 
increased or decreased, depending upon the direction of the service load (pressure or 
suction). 
 
11.2.4 Design of Three-wythe Panels  
1. Three-wythe panels can be designed using current design codes.  Detailed design 
considerations are described in Chapter 5, and an example of the design of a three-wythe 
panel is presented in Appendix A. 
2. Composite behavior of the three-wythe panel is provided by solid concrete regions.  As a 
result, the three-wythe panel is suitable for longer panel spans as compared to two-wythe 
panels.  In addition, three-wythe panels have longer spanning capabilities due to 
increased panel thickness as compared to two-wythe panels.   
3. A concrete tensile strength of about '7. cf3  should be used to estimate the cracking 
moment in a three-wythe panel.   
4. A T-beam design approach should be used to predict the flexural strength of a three-
wythe panel.  
5. Figures 10.18 and 10.19 provide the maximum transverse tension stresses for various end 
conditions and levels of prestress force.  The figures can be used to check the maximum 
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transverse tension stress in a three-wythe panel with the same properties as the panel used 
to develop the plots.  
6. The amount of longitudinal reinforcement that must be provided in order to prevent 
abrupt flexural failure is small for practical panels. 
7. Three-wythe panels should have enough strength to transfer the horizontal shear between 
wythes.  The modified shear friction method and composite member horizontal shear 
strength calculation method can be used to compute the horizontal shear strength of the 
panel.  However, a modification of current horizontal shear strength calculation methods 
is needed to compute the correct shear strength when small reinforcement is provided in 
three-wythe panels. 
8. Limiting the maximum panel deflection to 0.75 in. greatly limits the range over which the 
three-wythe panel may be used as compared to the deflection limit of L/480.   
  
11.3 FUTURE STUDIES 
The results presented in this research suggest a number of topics of future research. 
 
11.3.1 Thermal Studies of Three-wythe Panels 
1. Tests are needed to verify analytical R-values estimated for three-wythe panels in this 
study.   
2. Thermal bowing caused by thermal gradient in three-wythe panels needs to be 
investigated. 
3. The finite element method may not be a practical approach to estimate R-values in 
routine design, and ASHRAE Handbook R-value calculation methods do not provide 
accurate estimate of the R-values of three-wythe panels.  Other simple calculation 
methods are needed to estimate the R-values of three-wythe panels. 
 
11.3.2 Structural Studies of Three-wythe Panels 
1. Only Configuration I shown in Figure 2.2 was investigated in detail in this research.  
Configurations II and III also need to be investigated before these could be used in 
practice.   
2. Early flexural cracking was observed at service loads.  This has been observed in two-
wythe panels.  More research is needed to fully explain the cause of this early flexural 
cracking.  
3. The test panels were unloaded before they reached the maximum flexural strength due to 
a large amount of panel deflection.  Further investigation to evaluate the maximum 
flexural strength of the three-wythe panel is needed. 
4. Hairline cracks were observed in all panels prior to prestress transfer.  These cracks are 
thought to be caused by either concrete shrinkage and/or thermal effects.  The causes for 
these cracks needs further studies.  
5. Additional methods to reduce transverse bending at prestress transfer may be proposed 
and studied.  
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APPENDIX A  
Three-wythe Panel Design Example 
Panel Design Parameters: 
A
A
10 ft. 
L=58 ft. 
 
 
 
 
 
 
 L’=60 ft. 
 
 
section  A  -  A  
3-2-3-2-3 
48 in. 48 in. 
12 in. 24 in. 48 in. 24 in. 12 in. 
6 in. 12 in. 6 in. 
 
 
 
 
 
Panel concrete area, A = 1176 in.2    
Panel span, L = 58 ft. (full panel length, L’ = 60 ft.) 
Moment of inertia, I = 15842 in.4 (conservatively assume κ=0.80 based on tests)  
 Ic = 19442 in.4, Inc = 1442 in.4    
 I ( ) ncncc III +−=κ  (from Equation 9.5) 
 I = 15842 in.4    
Panel self weight, wc = 122.5 psf 
Wind load, W = 32 psf 
 
Assume panel behaves as a composite panel during service loads. 
Use 15-7/16 in. diameter (Ap =1.725 in.2) 270K strands (all strands are placed in center wythe). 
70 % pulling of strands and assume 15 % prestress loss. 
Effective panel prestress, fce = 235.6 psi 
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Material Properties: 
Concrete: Compressive concrete strength at prestress transfer, fci’ = 3500 psi 
Compressive concrete strength at 28 days, fc’ = 6000 psi 
600057000=cE  = 4415 ksi  
Strand:  Tensile strength, fpu = 270 ksi  
Yield strength, fpy = 245 ksi 
Flexural Design:  
1. Check stresses at service loads (Section 18.4.2 in ACI 318-99). 
Stress in tension in precompressed tensile zone = '0.6 cf  = 465 psi  
w = 32 psf × 10 ft. = 320 lbs./ft. = 26.67 lbs./in. 
8
)1258(67.26
8
22 ×
==
wLM s  = 1614720 lbs.-in. 
I
cMff spes
×
+−= = -235.6 + (1614720×6.5/15842) = 427 psi 
427 psi < 465 psi, O.K. 
Note: for the crack free panel, '7.3 cf  may be applied instead of 'cf6 . 
 
2. Check flexural strength.  
Effective flange width for T-beam design: 
(a) when back wythe is in compression 
8 × 3 in. + 12 in. + (8 × 3 in.) × 2 + 12 in. + 8 × 3 in. = 120 in.  
(b) when face wythe is in compression 
        6 in. + 6 × 3 in. + 8 × 3 in. + 12 in. + 8 × 3 in. + 6 × 3 in. + 6 in. = 108 in.  
Compute flexural strength when face wythe is in compression. 
The nominal moment capacity of the section is computed using the equation for fps, given in Section 
18.7.2 of ACI 318-99. 
 







−=
'
1
1 c
pu
p
p
pups f
f
ff ρβ
γ
,  where γp = 0.28 and β1 = 0.75 
 )8.161( ppups ff ρ−=  
)5.6(108
725.1
==
p
p
p bd
A
ρ = 0.00246 
 fps = 258.9 ksi 
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)108)(6(85.0
)9.258(725.1
'85.0
==
bf
fA
a
c
psp = 0.81 in. 



−=


−=
2
811.05.6)9.258)(725.1(9.0
2
adfAM ppspn φφ  = 2449 kip-in. 
Required strength, Mu, is from Equation 5.8. 
 U = 1.3W = 1.3 × 32 = 41.6 psf 
 w = 41.6 psf × 10 ft. = 416 lbs./ft. = 0.034667 kip/in. 
 
8
)1258(034667.0
8
22 ×
==
wLM u = 2099 kip-in. 
φMn > Mu, O.K. 
 
3. Check abrupt failure of the panel.  
Using Equation 5.10, and '7.3' cr ff =  obtained from the lateral load tests. 
 ( ) ( )
5.6
1584260007.3236' +=+=
c
IffM rpecr  = 1274000 lbs.-in. = 1274 kip-in. 
φMn / Mcr = 2449/1274 = 1.9 > 1.2, O.K. 
 
Provide minimum reinforcement: 
ρmin = 0.001 (PCI Manual for structural design of architectural precast concrete, 1977) 
Longitudinal reinforcement: 
fce > 225 psi Thus, no reinforcement is required (Section 18.11.2.3 in ACI 318-99).  Use 3-#3 
to support transverse reinforcement.  
Transverse reinforcement: 
Use 20-#3 bars per each wythe 
 
Horizontal Shear Design: 
1. Failure mode 1 Tension  
 
compression 
 
Horizontal shear force (Equation 5.17) 
 C = 0.85 × fc’ × t × width = 0.85 × fc’ × 3 × 120 = 1836 kips 
 T = Ap × Fu + As × Fy = 1.725 × 270 + 3 × 0.11 × 60 = 486 kips 
Vu = min (C, T) = 486 kips 
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Horizontal shear strength (Equation 5.12) 
1000
1
2
1260248075.080 ××××== cnh AV φφ  = 518.4 kips > Vu = 486 kips   O.K. 
 
2. Failure mode 2 
 
 
Horizontal shear force, Vu = min (C, T) = 486 kips (same as previously) 
 
Horizontal shear strength  
1. Using strength of unreinforced concrete as 80 psi (Equation 5.12). 
1000
4 
2
126038075. 

 ×
×××=nhVφ = 259 kips < Vu = 486 kips   N.G. 
2. Using modified shear friction method (Equation 5.14). 
( )
1000
14004
2
12603600008.075.08.0 1 


××
×
+=+= vfcyvfnh AKAfAV φφ  
uv V=+129636ρ  
=vρ negative value   (i.e., no reinforcement) 
However, minimum reinforcement should be provided for the equation to be valid. 
 200≥
c
yvf
A
fA
 Thus, A in.6.3≥vf
2 (use 33-#3 bars over the half span) 
3. Using composite member horizontal shear strength calculation (Equation 5.15). 
( ) ( )
1000
43
2
12601600006.026075.06.0260 ×××××+=+= vyvnh bdfV ρλρφφ  
uv V=+ ρ1166404.842  
=vρ negative value (i.e., minimum reinforcement is required) 
 
 09.0
60000
3635050 =×==
y
w
v f
sb
A  in.2  Thus, use #3 bars with 36 in. spacing  
over panel span.  This method gives the 
least reinforcement area.  
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Panel Deflection: 
Check panel midspan deflection at service loads. 
( )
194424415384
1258
100012
10325
384
5
4
4
××
×


×
×
×
==
IE
wLM
c
u = 0.95 in.  < L/480 = 1.45 O.K. 
Note : computed midspan deflection is 
larger than 0.75 in. specified in ACI 
Committee 533 Report. 
 
 
 
Panel End Condition: 
Using Table 10.18 in this report, cases F, G, and H are within the stress limit of '5.7 cif  for 2-3 rib 
panel.  Therefore, use the half strands 6 ft. debonded (case F), so that 8 out of 15 strands are debonded for 
6 ft.  
 
Check Stripping, Handling, and Travel Stresses: 
Panel should be checked for stripping, handling, and traveling.  Current requirements are summarized 
briefly. 
 
The allowable tension stresses for wall panels are defined in Section 2.5.3.3 of the ACI Committee 533 
Report. 
 Stripping and Handling  = '5 cif   
 Travel    = '5 f   c
Forces imposed during stripping, handling, and traveling are discussed in Section 5.2 of the PCI Design 
Handbook. 
Stripping multiplier  = 1.4  
Handling multiplier  = 1.2 
Travel multiplier  = 2.0 (more conservative than PCI value of 1.5) 
 294
